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13.  ABSTRACT  (Max/mum  200  words) 

nils  project  was  focused  on  determination  of  the  three-dimensional  structure  of  bacterial 
uciferase.  The  structure  of  the  enzyme  is  of  fundamental  importance  to  the  understanding  of 
he  catalytic  mechanism  and  the  mode  of  interaction  of  the  enzyme  with  accessory  proteins, 
ind  is  essential  to  future  plans  to  develop  biosensor  technologies.  In  the  course  of  this 
roject.  numerous  crystallization  trials  were  carried  out  and  conditions  were  refined  that 
ermitted  high  resolution  data  to  be  collected  and  interpreted.  In  collaboration  with  Dr.  Ivan 
layment  of  the  University  of  Wisconsin,  data  have  been  collected  from  native  crystals  and  3 
erivatives  at  2.8  A.  Higher  resolution  data  are  being  collected  at  this  time,  and  we  fully 
xpect  to  have  a  high  resolution  structure  within  the  next  few  months,  certainly  by  the  end  of 
\e  calendar  year  1994.  We  have  also  developed  crystallization  protocols  for  several  mutant 
udferases.  Structural  analysis  of  the  mutant  luciferases  should  enable  us  to  locate  the  active 
(ite  in  the  three-dimensional  structure  of  the  wild-type  enzyme,  permit  mechanistic 
iterpretation  of  numerous  experiments  that  have  been  reported  over  the  past  ca.  25  years, 
nd  assist  us  in  designing  the  next  generation  of  mutant  enzymes  to  test  hypotheses 
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This  project  was  focused  on  determination  of  the  structure  of  bacteria)  luciferase. 
The  three-dimensional  structure  of  bacterial  luciferase  is  of  fundamental  importance  to 
the  long-term  goals  of  the  research  program,  understanding  the  catalytic  mechanism 
and  the  mode  of  interaction  of  the  enzyme  with  accessory  proteins.  In  the  course  of 
this  project,  numerous  crystallization  trials  were  carried  out  and  conditions  were 
refined  that  permitted  high  resolution  data  to  be  collected  and  interpreted.  In 
collaboration  with  Dr.  Ivan  Payment  of  the  University  of  Wisconsin,  data  have  been 
collected  from  native  crystals  and  3  derivatives  at  2.8  A.  Higher  resolution  data  are 
being  collected  at  this  time,  and  we  fully  expect  to  have  a  high  resolution  structure 
within  the  next  few  months,  certainly  by  the  end  of  the  calendar  year  1994. 

We  have  also  developed  crystallization  protocols  for  several  mutant  luciferases. 
Structural  analysis  of  the  mutant  luciferases  should  enable  us  to  locate  the  active  site 
in  the  three-dimensional  structure  of  the  wild-type  enzyme,  permit  mechanistic 
interpretation  of  numerous  experiments  that  have  been  reported  over  the  past  ca.  25 
years,  and  assist  us  in  designing  the  next  generation  of  mutant  enzymes  to  test 
hypotheses  regarding  the  mechanism  of  light  production  by  this  intriguing  and 
important  enzyme. 

In  parallel  with  the  determination  of  the  three-dimensional  structure  of  luciferase, 
we  pursued  two  related  lines  of  research: 

1.  We  discovered  and  characterized  different  conformational  forms  of  the  p  subunit, 
obtained  by  folding  of  the  protein  under  different  conditions  (in  the  presence  or 
absence  of  the  a  subunit,  at  different  temperatures,  etc.),  including  a  p2  species.  In  the 

case  of  the  luciferase  p  subunit,  we  have  clearly  shown  that  the  finally  folded  structure 
is  determined  by  kinetic  factors  rather  than  by  the  stability  of  the  finally  folded  product. 
We  are  currently  working  on  crystallization  of  the  p2  homodimer  that  forms  when  the  p 
subunit  is  expressed  without  a  in  E.  coli.  Comparison  of  the  structure  of  p  in  the 

homodimer  with  p  in  the  heterodimer  will  allow  the  first  evaluation  of  the  effects  of 
protein-protein  interactions  on  the  structures  of  the  individual  subunits  involved  in  the 
oligomer. 

2.  We  performed  preliminary  characterizations  of  two  types  of  mutant  luciferases. 
One  group  of  mutants  comprises  temperature-sensitive  folding  mutants  with  various 

substitutions  at  position  313  of  the  p  subunit.  The  P313  mutations  affect  the  rate  of 
folding  of  the  enzyme,  but  not  the  stability  of  the  finally  folded  structure.  For  the  other 
set  of  mutants,  each  of  the  wild-type  Trp  residues  was  replaced  by  Phe  or  Leu.  in  an 
effort  to  identify  aromatic  side  chains  potentially  involved  in  stacking  interactions  with 
the  flavin  substrate.  Two  of  the  mutant  enzymes  show  marked  changes  in  catalytic 
parameters  and  in  spectroscopic  properties  of  bound  FMN,  and  thus  represent 
possible  active  site  mutants. 

In  summary,  the  structural  information  resulting  from  this  project  will  allow  us  to 
begin  to  define  the  roles  of  specific  amino  acid  residues  in  substrate  binding  and 
catalysis  and  in  protein-protein  interactions. 
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Conditions  have  been  established  that  allow  revers¬ 
ible  refolding  of  luciferase  flrom  6  m  urea.  The  kinetics 
of  formation  of  the  active  enzyme  showed  a  concentra¬ 
tion-independent  lag,  suggesting  the  existence  of  inter¬ 
mediate  structures  on  the  pathway  of  refolding.  The 
rate  of  approach  to  the  final  level  of  activity  was 
strongly  concentration-dependent  at  protein  concen¬ 
trations  below  10  Mg/ml,  but  at  concentrations  above 
about  20  Mg/mi,  the  rate  of  approach  to  the  final  activ¬ 
ity  value  did  not  change  with  concentration.  The  con¬ 
centration  dependence  presumably  reflects  the  second- 
order  st^  yielding  the  heterodimeric  structure.  The 
finding  that  at  concentrations  above  20  sg/ml,  the  rate 
becomes  insensitive  to  concentration  suggests  that  un¬ 
der  these  conditions,  some  step  subsequent  to  dimeri¬ 
zation  becomes  rate-limiting. 

When  the  refolding  reaction  was  initiated  by  dilution 
out  of  0  M  urea  at  50  sg/ml  followed  at  various  times 
by  a  secondary  dilution  to  a  final  concentration  of  5 
sc/ml,  it  was  found  that  the  increase  in  activity  contin¬ 
ued  at  the  rate  characteristic  of  the  higher  protein 
concentration  for  a  period  of  about  1-2  min  following 
the  dilution  before  slowing  to  the  rate  expected  for  the 
lower  protein  concentration.  These  observations  indi¬ 
cate  that  there  are  inactive  heterodimeric  qiecies  that 
form  from  assembly  of  the  individual  subunits  and  that 
theoe  species  must  undergo  ftirther  folding  to  yield  the 
active  heterodimeric  species. 

At  protein  concentrations  of  5-50  sg/ml,  the  final 
yield  of  active  enzyme  was  about  65-85%,  decreasing 
at  higher  and  lower  concentrations.  At  hii^er  concen¬ 
trations,  aggregation  probably  accounts  for  the  limit 
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in  recovery,  whereas  at  lower  concentrations,  it  ap¬ 
pears  that  the  reduced  yield  of  activity  is  due  to  the 
competing  process  of  the  folding  of  one  or  both  individ¬ 
ual  suhunits  into  some  form  incompetent  to  interact 
with  each  other. 

These  experiments  demonstrate  the  existence  of  slow 
steps  in  the  refolding  of  luciferase  subunits  from  urea 
and  the  formation  of  the  active  heterodimeric  struc¬ 
ture,  both  preceding  and  following  the  dimerization. 
Furthermore,  the  failure  of  protein  at  low  concentra¬ 
tions  to  efficiently  reassemble  into  the  imtive  hetero¬ 
dimer  is  consistent  with  the  prior  finding  that  Incifer- 
aae  subunits  produced  independently  in  Eaehtrichia 
eoU  fold  into  conformations  that  cannot  interact  to 
form  the  active  heterodimer  upon  mixing  (Waddle,  J. 
J.,  Johnston,  T.  C.,  and  Baldwin.  T.  O.  (1987)  Bio¬ 
chemistry  26,  4917-4921). 


Unraveling  the  mechanism  of  folding  for  any  protein  will 
require  information  about  the  structures  of  intermediates  on 
the  folding  pathway  and  knowledge  of  the  existence  of  parallel 
pathways.  Most  proteins  are  either  composed  of  multiple 
subunits  or  exist  as  a  single  polypeptide  with  multiple  folding 
domains  that  interact  within  the  context  of  the  covalent 
continuity  of  the  peptide  chain.  The  forces  that  maintain  the 
assemblage  of  a  multisubunit  complex  are  noncovalent.  Stud¬ 
ies  on  small  model  systems  have  provided  and  continue  to 
provide  extremely  valuable  iiuight  into  the  folding  of  individ¬ 
ual  domains,  but  it  is  unlikely  that  a  general  understanding 
of  the  folding  of  larger  or  multisubunit  proteins  will  come 
excliuively  through  studies  of  folding  of  small  peptides  and 
proteins.  Based  on  the  classic  studies  of  Anfinsen  and  his  co¬ 
workers  (Anfinsen,  1973)  on  a  small  protein,  ribonuclease  A, 
it  is  generally  accepted  that  the  final  structure  of  a  protein, 
or  of  a  folding  domain,  is  determined  by  the  amino  acid 
sequence.  The  existence  of  the  same  supersecondaiy  struc¬ 
tural  motifs  in  unrelated  proteins  suggests  that  the  same 
folding  pattern  may  be  determined  by  a  great  many  amino 
acid  sequences,  i.e.  that  the  folding  code  is  highly  redundant. 
However,  an  amino  acid  sequence  that  obediently  forms  an  a 
helix  in  a  specific  protein  may  well  refuse  to  assume  a  helical 
conformation  when  isolated  from  the  context  of  the  protein. 
Such  findings  lead  one  to  suggest  that  perhaps  with  larger 
proteins  consisting  of  multiple  independent  folding  domains 
and/or  multiple  subunits,  the  native  structures  might  be 
significantly  altered  as  a  result  of  interdomain  or  intersubunit 
contacts.  That  is,  will  a  single  subunit  that  folds  in  isolation 
reliably  assume  the  same  structure  it  would  assume  in  the 
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context  of  interacting  with  the  other  subunits,  or  might  it 
assume  some  alternative  structure?  Homopolymeric  proteins 
do  not  provide  an  appropriate  model  system  for  the  approach 
of  this  question,  since  it  would  not  be  possible  to  study  directly 
the  folding  of  individual  subunits  in  the  absence  of  oligomer¬ 
ization.  A  heterodimeric  protein  provides  the  simplest  model 
system  for  the  dissection  of  the  processes  of  folding  of  the 
individual  subunits  and  assembly  into  the  dimer. 

Bacterial  luciferase  is  a  heterodimeric  enzyme  composed  of 
two  homologous  but  nonidentical  subunits  (Friedland  and 
Hastings,  19€7a;  Hastings  et  ai,  1969;  Meighen  et  al.,  1970; 
Baldwin  et  al.,  1979;  Cohn  et  aL,  1985;  Johnston  et  at,  1986). 
The  enzyme  has  a  single  active  center  that  is  located  primarily 
if  not  exclusively  on  the  a  subunit.  Although  the  role  of  the  0 
subunit  remains  a  subject  for  debate,  it  is  required  for  the 
high  quantum  yield  reaction  catalyzed  by  luciferase  (see  Zie¬ 
gler  and  Baldwin  (1981)  and  Baldwin  and  Ziegler  (1992)  for 
reviews).  There  are  no  intra-  or  interchain  disulfide  bonds  in 
the  enzyme  (Tu  et  ai,  1977a).  Luciferase  catalyzes  the  reac¬ 
tion  of  FMNH},'  0]  and  an  aliphatic  aldehyde  to  yield  FMN 
and  the  carboxylic  acid,  and  a  photon  of  blue-green  light  (Xm> 
~490  nm). 

The  genes  encoding  the  a  and  0  subunits,  luxAB,  have  been 
cloned  from  Vibrio  harveyi  and  expressed  in  Escherichia  coli 
(Belas  et  aL,  1982;  Baldwin  et  oL,  1984).  Separation  of  the 
luxA  gene  and  the  luxB  gene  and  expression  of  each  from  the 
Utc  promoter  of  pUC-derived  plasmids  allowed  generation  of 
significant  levels  of  each  subunit  that  had  folded  in  vivo  in 
the  absence  of  the  other  (Waddle  et  aL,  1987).  These  sepa¬ 
rately  produced  a  and  0  subunits  each  showed  very  low  but 
authentic  aldehyde-  and  flavin-dependent  bioluminescence 
activity  (Waddle  and  Baldwin,  1991;  Sinclair  et  oL,  1993). 
Mixing  of  lysates  containing  the  two  subunits  did  not  result 
in  the  expected  formation  of  the  much  higher  specific  activity 
heterodimeric  enzyme  (Waddle  et  aL,  1987).  However,  if  the 
subunits  were  first  unfolded  by  the  addition  of  urea,  they  were 
capable  of  recombining  upon  dilution  of  the  urea.  These 
olnervations  led  us  to  propose  that  in  the  normal  folding  of 
the  luciferase  subunits  and  assembly  of  the  active  heterodimer 
in  vivo,  the  dimerization  step  occurs  between  either  unfolded 
subunits  or  folding  interme^tes  of  the  subunits,  such  that 
the  active  luciferase  forms  as  the  result  of  a  kinetic  trap.  The 
individual  subunits  fold  independently  to  form  stable  struc¬ 
tures  that  are  effectively  unable  to  assemble.  A  minimal  model 
describing  our  earlier  results  is  presented  diagrammatically  in 
Fig.  1  (Waddle  et  oL,  1987). 

The  model  presented  in  Fig.  1  makes  certain  predictions 
that  are  experimentally  verifiable.  First,  at  low  concentrations 
of  the  individual  subunits,  the  first-order  off-pathway  proc¬ 
esses  leading  to  the  assembly-incompetent  forms  of  the  sub¬ 
units  would  predominate,  compromising  the  yield  of  the  het¬ 
erodimeric  form  of  the  enzyme;  the  yield  of  the  heterodimer 
should  increase  at  higher  protein  concentrations,  since  the 
rate  of  the  second-order  reaction  would  increase,  whereas  the 
competing  first-order  processes  would  not,  leading  to  prefer- 
enti^  partitioning  of  material  into  heterodimer  formation. 
Second,  if  the  luciferase  subunits  interact  as  partially  folded 
intermediates  following  a  slow  folding  step,  the  rate  of  for¬ 
mation  of  the  active  enzyme  should  show  a  concentration- 
independent  lag  due  to  initial  folding  steps  of  the  individual 
subunits  to  the  species  competent  to  form  heterodimer.  Third, 
since  the  formation  of  the  heterodimeric  enzyme  requires  a 
second-order  step,  the  rate  of  formation  of  the  active  enzyme 
should  show  a  strong  concentration  dependence. 


‘  The  abbreviations  used  are:  FMNHj,  reduced  flavin  mononucleo¬ 
tide;  DTT,  dithiothreitol;  BSA,  bovine  serum  albumin. 
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The  experiments  reported  here  were  designed  to  test  the 
above  predictions,  as  well  as  to  develop  methods  for  the  study 
in  vitro  of  the  folding  of  luciferase  and  its  subunits.  In  these 
experiments,  we  monitor  the  formation  of  active  luciferase 
following  dilution  from  urea-containing  solutions.  Such  meas¬ 
urements  are  greatly  facilitated  with  bacterial  luciferase  due 
to  the  speed,  simplicity,  and  sensitivity  of  the  assay.  Lucifer¬ 
ase  activity  is  measured  in  a  single  turnover  assay  by  rapid 
injection  of  FMNH2  into  a  vial  containing  enzyme,  n-decyl 
aldehyde  and  Oj  dissolved  in  a  buffer  (Hastings  et  oL,  1978). 
The  peak  intensity  of  emitted  light,  which  is  achieved  within 
2  s  of  the  time  of  injection,  is  proportional  to  the  amount  of 
active  luciferase  over  many  orders  of  magnitutfe  (Hastings  et 
at,  1966).  By  monitoring  the  amount  of  active  enzyme  at 
various  times  following  initiation  of  a  refolding  reaction,  we 
have  been  able  to  begin  to  dissect  the  overall  kinetic  mecha¬ 
nism  of  the  folding  and  assembly  processes. 

Prior  work  on  the  folding  of  luciferase  hx>m  urea  or  guani- 
dinium  chloride  suggested  that  the  enzyme  could  be  at  least 
partially  refolded  following  denaturation,  but  the  extent  of 
recovery  varied  significantly  between  the  various  reports 
(Friedland  and  Hastings,  1967a,  1967b;  Hastings  et  aL,  1%9; 
Gunsalus-Miguel  et  aL,  1972;  Tu  et  oL,  197Th;  Tu,  1978).  We 
have  previously  reported  the  isolation  of  a  series  of  mutants 
that  we  have  designated  temperature-sensitive  folding  mu¬ 
tants  on  the  basis  of  the  wild-type  thermal  stability  of  the 
folded  proteins  and  the  reduced  ability  of  the  proteins  to  fold 
at  elevated  temperatures  (Sugihara  and  Baldwin,  1988).  Fur¬ 
ther  investigation  of  these  mutants  required  the  development 
of  conditions  that  would  reproducibly  give  high  yields  of  active 
enzyme  when  the  wild-type  luciferase  was  refolded  upon  di¬ 
lution  out  of  denaturant.  The  experiments  reported  here 
describe  simple  and  reproducible  methods  for  the  unfolding 
of  luciferase  in  urea  and  the  refolding  of  the  active  enzyme 
upon  dilution  of  the  urea.  Furthermore,  these  experiments 
suggest  the  existence  of  multiple  intermediates  on  the  folding 
pathway  leading  to  the  active  heterodimer.  In  a  related  series 
of  experiments,  we  have  demonstrated  the  existence  of  an 
inactive  heterodimeric  species  that  is  well  populated  at  equi¬ 
librium  in  the  presence  of  1.6-2.8  M  urea  (Clark  et  aL,  1993). 
It  appears  likely  that  this  species  is  one  of  the  intermediates 
detected  in  the  kinetic  experiments  reported  here. 

EXPERIMENTAL  PROCEDURES 

Materials— FMN  was  obtained  from  Fluka  and  was  used  without 
ftirther  purification.  Bovine  serum  albumin  (Fraction  V  powder)  and 
n-decyl  aldehyde  were  purchased  fiom  Sigma.  Ultra-Pure  urea  was 
the  product  of  Schwarz-Maim.  All  other  chemicals  were  of  the  highest 
quality  commercially  available  and  were  used  without  further  purifi¬ 
cation. 

Phoqrhate  buffets  were  prepared  by  mixing  the  appropriate  pro¬ 
portions  of  the  monobasic  and  dilrasic  sodium  or  potassium  salts  to 
obtain  the  desired  pH. 

Luciferase  Purification  and  Assay— E.  coli  (LE1392)  cells  carrying 
the  V.  harveyi  luxAB  genes  on  a  pUC9-derived  plasmid,  pLAVl,  were 
grown,  and  the  luciferaae  was  purified  as  previously  described  (Bald¬ 
win  et  oL,  1989),  the  purification  method  being  a  modification  of  that 
described  by  Hasting  et  oL  (1978)  for  purification  of  the  enzyme 
fiom  the  native  organism,  F.  harveyi.  Enzyme  concentrations  were 
determined  by  absorbaitce  at  280  nm,  using  an  extinction  coefficient 
of  0.94  (mg/ml)~'-cm*'  (Gunsalus-Miguel  et  aL,  1972).  The  enzyme 
was  assayed  (22  *C)  using  a  photomultiplier-photometer  to  detect  the 
light  emitted,  with  n-decyl  aldehyde  as  the  substrate,  upon  rapid 
injection  of  FMNHi  photoreduced  in  a  solution  containing  2  mM 
EDTA  (Hastings  et  al,  1978). 

Activity  Recovery  after  Dilution  of  Luciferase  from  S  U  Urea  into 
Buffer— ijscifense  was  denatured  for  0.5-4.0  b  in  a  5  M  urea  buffer 
containing  50  mM  phosphate,  1  mM  EIDTA,  1  mM  DTT,  pH  7.0,  at 
50  X  the  enzyme  concentration  desired  for  the  refolding  experiment. 
Refolding  was  initiated  (“time  0")  by  a  1:50  dilution  of  the  enzyme 
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(ram  S  M  uiM  into  nnaturation  buftr  (SO  mM  phoophau,  0^  BSA, 
1  IBM  EOTA,  1  mM  DTT,  pH  7.0)  ot  18  'C.  Addition  of  the  entymo 
to  tiM  buiftr  Nwlud  in  a  final  una  concantration  of  0.1  M.  In 
contraia  (nativa  ansyme.  navar  danatimd),  utoa  waa  addad  to  tba 
ranaturation  buffar  to  yiald  a  final  concentration  of  0.1  M.  Dilution! 
of  aniyma  out  of  uraa  ivara  parfonnad  n^ndly,  arith  20  al  of  anzyma 
in  5  M  uraa  buffar  baing  ad(M  to  0.960  ml  of  ranaturation  buffar  (or 
60  m1  of  anzyma,  5  M  uraa  to  2.94  ml  of  bufEir)  on  a  vortaz  mizar.  Wa 
found  that  thaaa  conditiona  gava  tha  moat  reproducible  raaulta,  con- 
siatant  with  tha  obaarvation  of  (joldbarg  at  oL  (1991)  that  rapid 
dilution  from  uraa  minimizaa  aggregation  that  may  occur  during  alow 
mizing.  The  ramplaa  undergoing  ranaturation  ware  maintained  at 
18  'C.  and  at  intervals  after  initiation  of  rafolding,  aliquou  (generally 
10  kD  were  withdrawn  for  assay.  The  time  t  was  recorded  as  the  time 
of  dilution  of  tha  aliquot  of  ranaturation  mixture  into  1.0  ml  of  asaay 
buffar  containing  15  al  of  a  sonicated  suspension  (0.01%  v/v)  of  n- 
decyl  aldehyde  in  HiO;  approzimataly  IS  a  elapsed  between  the 
recorded  time  (dilution  into  assay  buffer)  and  tha  actual  initiation  of 
the  assay  by  injection  of  FMNHt. 

RESULTS 

The  mechanism  presented  in  Fig.  1  predicts  two  effects  of 
protein  concentration  on  the  refolding  reaction  of  bacterial 
luciferase.  First,  the  rate  of  assembly  of  the  heterodimer  would 
be  expected  to  show  a  second-order  dependence  on  the  con¬ 
centration  of  the  refolding  subunits.  Second,  the  expected 
yield  of  the  heterodimer  would  be  compromised  at  low  protein 
concentrations  by  the  competing  tot-order  processes  leading 
to  a.  and/or  d,  (see  Fig.  1).  To  test  these  predictioiu,  we 
investigated  conditioru  for  reversible  unfold!^  of  luciferase. 
For  unfolding,  we  employed  5  M  urea  in  50  mM  phosphate 
buffer,  1  mM  EDTA.  1  mM  DTT,  pH  7.0,  at  18-20  *0.  Under 
these  conditiona,  the  unfolding  reaction  was  complete  within 
a  few  minutes,  as  shown  by  the  ultraviolet  circular  dichroism 
spectrum  in  Fig.  2.  The  spectrum  of  the  protein  in  5  M  urea 
did  not  change  with  time.  For  all  subsequent  experiments,  the 
luciferase  was  unfolded  in  5  M  urea  for  at  least  30  min  prior 
to  initiation  of  the  refolding  reaction. 

Effect  of  Protein  Concentration  on  the  Fined  Recovery  of 
Luciferaae  after  Refolding  from  5  M  C/rra— The  optimal  con¬ 
centration  of  protein  for  reversible  refolding  was  determined 
by  investigation  of  the  effect  of  concentration  on  the  yield  of 
active  enzyme  (Rg.  3).  At  low  protein  concentrations  (<1  pg/ 
ml),  the  control  samples  appeared  to  be  unstable  unless  BSA 
was  included  in  the  renaturation  buffer.  BSA  was  included  in 
the  refolding  buffers  in  the  earlier  studies  on  luciferase  re¬ 
folding,  and  we  found  that  addition  of  BSA  at  0.2%  resulted 
in  a  dramatic  stabilization  of  the  activity  of  the  controls  at 
lower  protein  concentrations  with  no  effect  on  the  activity  of 
controls  or  percent  recovery  of  the  refolded  enzyme  at  higher 
protein  concentrations  (data  not  shown).  We  therefore  in¬ 
cluded  0.2%  BSA  in  tha  renaturation  buffer  for  this  experi¬ 
ment  and  all  subsequent  eaperiments.  As  predicted  by  the 


Fig.  1.  Initial  model  for  folding  and  aaaembly  of  Inciferase 
in  vivo  (adapted  tram  Waddle  et  al.  (1987)).  a.  and  A,  an  new 
partially  or  con^letely  synthesized  subimits,  en  and  A  rapnaent 
partially  folded  intermediates,  a,  and  Ai  npresent  folded  conforma¬ 
tions  incompetent  to  form  heterodimen,  and  oA  is  the  active  heter- 
odimeric  enzyme. 


Wavelength,  nm 

Pig.  2.  Ultraviolet  eirenlar  dichroism  spectrum  of  lucifer- 
sse  in  buffer  and  in  5  M  urea.  The  CD  spectrum  of  25  Mg/ml 
luciferaae  at  18  *C  is  shown  under  native  conditions  {heavy  line;  50 
mM  phosphate,  1  mM  EDTA,  1  mM  DTT,  0.1  m  urea)  and  after 
several  minutes  in  the  same  buffer  but  5  M  in  urea  {thin  line). 


Fig.  3.  Effect  of  luciferase  coneeatratkta  on  final  yield  of 
active  enzyme  following  dilution  tram  5  M  urea.  Luciferaae  at 
the  concentration  indicated  was  permitted  to  rafold  for  24  b  at  18  *C 
after  rapid  50-fold  dilution  ftom  5  M  urea  into  ranaturation  buffer 
(90  mM  phosphate,  0.2%  BSA,  1  mM  EDTA,  1  mM  DTT,  pH  7.0) 
(final  concentration,  0.1  M  urea).  The  different  tymboU  repreecnt  the 
yields  obtained  in  different  experiments.  Percent  recovery  is  ex¬ 
pressed  relative  to  the  activity  of  a  native  control  sample  at  each 
concentration  diluted  into  the  same  renaturation  buffer,  0.1  M  in 
urea,  and  incubated  for  the  same  period  of  time. 

model  in  Fig.  1,  the  final  yield  of  active  enzyme  was  signifi¬ 
cantly  redut^  at  low  protein  concentrations.  Maximal  yields 
of  75-90%  were  observed  at  20-50  itg/val,  whereas  the  yield 
at  1  Mg/ml  was  about  40%. 

At  protein  concentrations  above  50  pg/ml,  the  percent  yield 
was  compromised,  presumably  due  to  aggregation,  a  phenom¬ 
enon  that  has  been  reported  for  other  proteins  (London  et  aL, 
1974;  Orsini  and  Goldberg,  1978;  Zettlmeissl  et  oi.,  1979; 
Mitraki  et  oL,  1987)  and  attributed  to  intermolecular  inter¬ 
actions  of  fol^g  intermediates  (Goldberg  and  Zetina,  1980; 
Goldberg,  1985;  Mitraki  and  King,  1989).  We  have  not  further 
investigated  the  cause  for  the  reduced  yield  at  hi^r  protein 
concentrations,  but  we  have  limited  the  conditions  of  our 
experiments  to  protein  concentrations  of  50  fig/ml  and  below. 

£/jfect  o/  Protein  Concentration  on  the  Rate  of  Formation  of 
Active  Enzyme — The  time  course  of  formation  of  active  en¬ 
zyme  following  dilution  from  5  M  urea  for  a  series  of  luciferase 
concentrations  is  presented  in  Fig.  4A,  with  earlier  times 
expanded  in  panels  B  and  C.  These  data  demonstrate  four 
aspects  of  the  concentration  dependence  of  the  refolding 
process.  First,  the  yield  of  active  enzyme  was  reduced  at  both 
low  and  high  protein  concentrations  (Figs.  4A  and  3).  Second, 
the  refolding  reaction  showed  a  definite  lag  at  early  times  that 
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Fig.  4.  Effect  of  luciferaaeconccntratioB  on  rate  and  ext«at 
of  racovery  of  active  eazynie.  The  enzyme  was  denatured  in  5  m 
urea,  and  aiUt  initiation  of  refolding  by  rapid  50-fold  dilution  of  the 
enzyme  into  renaturation  buffer,  the  time  courae  of  formation  of 
active  luciferaae  waa  monitored  by  removal  of  aliquota  for  aaaay  (see 
“Ezperimental  Procedures”).  The  complete  time  course  is  shown  in 
pcrnel  A,  the  first  60  min  are  ezpanded  in  panel  B,  and  the  initial  15 
min  are  ezpanded  in  panel  C.  Protein  concentrations  in  the  refolding 
mixtures  were  0.2  (O),  0.4  (A),  0.8  (0),  ZO  (■),  4.0  (A),  10  (♦),  20 
0. 50  (X),  and  100  (•)  «ig/mL  Percent  recovery  is  expressed  relative 
to  the  activity  of  a  native  control  sample  at  each  concentration  diluted 
into  the  same  renaturation  buffer,  0.1  M  in  urea,  and  incubated  for 
the  same  period  of  time. 

was  comparatively  independent  of  concentration  (Fig.  4,  B 
and  C),  indicating  the  eziatence  of  folding  intermediatefs) 
whose  formation  involved  first-order  processes,  Le.  partial 
folding  of  the  individual  subunits  prior  to  formation  of  the 
heterodimeric  form  required  for  hi|^  specific  activity.  Third, 
from  low  protein  concentrations  up  to  about  10  ng/ml,  the 
rate  of  formation  of  the  active  form  of  the  enzyme  was  strongly 
dependent  on  the  concentration  of  the  refolding  subunits,  as 
would  be  expected  if  the  rate-determining  step  were  a  second- 
order  process  (interaction  between  the  partially  folded  a  and 
0  subunits).  Fourth,  at  concentrations  of  20  iig/ml  and  above, 
the  rate  of  refolding  into  the  active  form  appeared  to  be 
concentration-independent.  Interpretation  of  this  observation 
waa  complicated  by  the  fact  that  at  higher  concentrations,  the 
initial  rate  (following  the  lag)  was  rapid,  but  the  reaction 
appeared  to  terminate  prematurely,  compromising  the  final 
yield  (Figs.  3  and  4). 


The  saturation  in  the  rate  of  refolding  at  high  protein 
concentrations  was  not  predicted  by  the  model  presented  in 
Fig.  1.  One  explanation  for  the  observed  saturation  in  rate  at 
high  protein  concentrations  is  that  at  high  concentrations 
some  first-order  process  becomes  rate-limiting,  if  the  initial 
product  of  the  subunit  association  reaction  were  inactive, 
requiring  additional  first-order  folding  steps  to  become  active 
ad,  then  the  maximum  observed  rate  of  recovery  of  activity 
would  be  limited  by  the  rate  of  the  first-order  process  at  high 
protein  concentrations.  Alternatively,  the  apparent  saturation 
could  be  due  to  limiting  of  the  observed  rate  by  higher  order 
competing  processes  such  as  aggregation  that  become  signif¬ 
icant  only  at  the  higher  concentrations.  To  distinguish  these 
possibilities,  we  performed  refolding  experiments  at  a  concen¬ 
tration  that  gave  the  maTimal  rate  (50  pg/ml)  and,  6  min 
after  initiation  of  the  refolding  reaction,  diluted  the  protein 
10-fold,  conditions  under  which  the  rate  should  be  much 
slower  and  strongly  concentration-dependent  (see  Pig.  4).  As 
shown  in  Fig.  5,  upon  dilution  of  the  refolding  mixture  from 
50  to  5  pg/ml,  the  rate  did  not  decrease  immediately  to  the 
rate  expected  for  the  lower  concentration,  but  rather  contin¬ 
ued  at  the  same  (maximal)  rate  for  2-3  min  before  changing 
to  the  slower  rate.  Similar  results  (not  shown)  were  obtained 
when  secondary  dilutions  were  performed  4  or  8  min  after 
initiation  of  the  refolding  reaction.  These  results  suggest  that 
at  the  time  of  dilution,  there  exists  a  subpopulation  of  lucif¬ 
eraae  molecules  that  have  already  formed  heterodimer,  but 
have  not  yet  become  active. 

DISCUSSION 

Since  the  classic  experiments  of  Anfinsen  and  his  colleagues 
on  ribonucleaae  (Anfinsen,  1973),  it  has  been  generally  agreed 
that  the  information  that  dictates  the  folding  of  a  polypeptide 
into  its  native,  biologically  active  structure  is  resident  in  the 
sequence  of  amino  acids  that  comprise  the  polypeptide,  and 
thus  the  process  of  protein  folding  has  been  referred  to  as 
“the  second  translation  of  the  genetic  message”  (Goldberg, 
1985).  It  has  been  an  article  of  faith  among  many  investigators 
in  the  field  of  protein  folding  that  the  native  structure  of  a 
protein  is  at  a  global  energy  minimum.  However,  our  previ¬ 
ously  reported  investigations  of  the  folding  in  vivo  of  the 
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Fig.  5.  Seeondnry  lO-foM  dUntion  of  Inciferase  during  re- 
folding.  Luciferase  was  diluted  50-fold  from  2.5  mg/ml  in  5  M  urea 
to  50  Mg/ml  in  renaturation  buffer  (0.1  m  urea)  at  time  0,  and  after  6 
min  of  refoMing,  an  aliquot  was  diluted  10-fold  into  recovery  buffer 
(again  0.1  M  in  urea)  to  yield  5  Mg/nil  luciferase.  The  time  course  of 
activity  recovery  in  several  replicate  original  samples  (open  symbols) 
and  in  the  secondary  dilution  (4)  was  monitored  by  removal  of 
aliquots  for  assay.  Activity  is  expressed  as  percent  of  a  native  control 
sample  at  50  Mg/ml  in  renaturation  buffer.  0.1  M  in  urea;  the  activities 
in  the  diluted  sample  were  multiplied  by  10  to  correct  for  the  dilution. 
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subunits  of  luciferase  led  us  to  question  the  latter  dogma 
(Waddle  et  oL,  1987;  Sugihara  and  Baldwin,  1988).  The  sep¬ 
arate  luciferase  subunits,  a  and  0,  appear  to  fold  in  vivo  into 
structures  that  do  not  interact  to  form  active  luciferase  when 
mixed  in  vitro  unless  they  are  first  unfolded  in  urea-containing 
buffers.  These  observations  led  us  to  conclude  that  the  active 
heterodimeric  enzyme  was  not  at  a  global  energy  minimum, 
but  rather  constituted  a  kinetic  trap,  and  that  if  the  subunits 
did  not  associate  during  folding,  they  ultimately  achieved 
stable  structures  that  were  assembly- incompetent  (Waddle  et 
oL,  1987).  The  issue  of  whether  the  native  structure  of  a 
protein  is  at  a  global  energy  minimum  has  been  the  subject 
of  some  controversy  in  recent  years,  and  recent  reviewers 
have  been  careful  to  point  out  that  the  folded  structure  must 
be  the  thermodynamically  most  stable  state  that  is  kineticaUy 
accessible  (Goldberg,  1985;  Kim  and  Baldwin,  1990;  Jaenicke, 
1991a,  1991b)  and  not  necessarily  at  a  global  energy  minimum. 

Earlier  examples  of  competing  off-pathway  folding  proc¬ 
esses  in  other  systems,  such  as  the  tail  spike  protein  of 
bacteriophage  P22  (Mitraki  and  King,  1989)  and  ^natured- 
reduced  egg  white  lysozyme  (Goldberg  et  aL,  1991),  generally 
involved  aggregation  of  intermediates.  The  luciferase  sub¬ 
units,  however,  did  not  aggregate  but  rather  folded  into  soluble 
structures  (Waddle  et  aL,  1987;  Sugihara  and  Baldwin,  1988; 
Waddle  and  Baldwin,  1991).  More  recently,  other  examples 
of  proteins  with  kinetically  controlled  fol^ng  processes  la- 
lytic  protease  and  the  serine  protease  inhibitors  antithrombin 
and  plasminogen  activator  inhibitor- 1)  have  been  reported 
(Baker  et  oL,  1992;  Carrell  et  aL,  1991;  Mottonen  et  oL,  1992). 

The  experiments  reported  here  were  designed  to  begin  the 
process  of  dissecting  the  overall  kinetic  mechanism  of  the 
folding  and  assembly  of  the  subunits  of  bacterial  luciferase. 
The  kinetic  features  of  the  refolding  reaction  that  were  pre¬ 
dicted  by  the  model  advanced  by  Waddle  et  aL  (1987)  (Fig.  1) 
were  confirmed  in  these  experiments.  First,  at  low  protein 
concentrations,  the  yield  of  active  heterodimeric  enzyme  was 
reduced,  due  to  the  alternative  (off-pathway)  first-order  fold¬ 
ing  processes  available  to  the  individual  subunits.  Second,  a 
marked,  protein  concentration-independent  lag  in  recovery  of 
activity  was  observed,  suggestive  of  first-order  folding  steps 
for  one  or  both  subunits  prior  to  assembly  into  the  heterodi¬ 
mer.  Further  investigation  of  the  cause  of  this  lag  has  shown 
it  to  be  due  to  slow  steps  in  the  folding  of  both  the  a  and  the 
0  subunits  prior  to  the  step  in  which  heterodimer  is  formed 
(Baldwin  et  aL,  1993).  Third,  the  rate  of  formation  of  the 
active  heterodimeric  enzyme  after  the  lag  was  strongly  con- 
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Fig.  6.  Reviaed  model  for  folding  of  luciferase  subunits, 
aaaembly  into  the  heterodinwr,  and  isomerization  to  the  active 
enzyme,  a,  and  d.  are  unfolded  subunits;  and  di  represent  partially 
folded  intermediates  that  am  competent  to  interact,  forming  a  het¬ 
erodimer  if  both  are  present;  a.  and  di  represent  folded  conformations 
incompetent  to  form  heterodimers;  [adji  represents  inactive  hetero¬ 
dimeric  intermediate;  and  ad  is  the  active  heterodimer.  Although 
there  is  presently  no  direct  evidence  for  intermediate  forms  of  the 
subunits  between  the  fully  unfolded  forms  and  the  species  (a,  and  di) 
competent  to  form  hetero^mer,  the  conversion  is  surely  not  a  single- 
step  process. 


centration-dependent,  as  expected  for  a  second-order  process. 
At  the  highest  protein  concentrations  investigated  (100-144 
Mg/ml),  the  reduced  yield  of  active  enzyme  (Fig.  3)  suggests 
t^t  there  may  be  aggregation  occurring  as  well. 

The  results  presented  here  also  suggested  a  new  feature  of 
the  refolding  reaction  not  shown  in  the  original  model,  the 
apparent  saturation  in  the  rate  of  recovery  of  active  enzyme 
at  higher  protein  concentrations  (Fig.  4).  Elelow  10  >tg/tul<  the 
rate  of  formation  of  active  enzyme  after  the  initial  lag  ap¬ 
peared  to  be  determined  by  the  second-order  dimenzation 
process;  at  20  Mg/ml  and  above,  the  rate  appeared  to  be  limited 
either  by  the  first-order  isomerization  of  inactive  heterodimer 
to  form  active  heterodimer  or  by  competing  higher  order 
aggregation  processes  that  would  become  significant  only  at 
higher  concentrations,  leading  to  an  apparent  limit  to  the  rate 
of  formation  of  active  enzyme.  The  results  of  the  secondary 
dilution  experiment  presented  in  Fig.  5  permitted  us  to  pos¬ 
tulate  the  intermediacy  of  an  inactive  heterodimeric  species. 
[ad]i,  which  is  converted  to  active  enzyme  by  one  or  more 
(first-order)  isomerization  steps.  By  switching  from  condi¬ 
tions  (50  fig/ml)  under  which  the  rate  was  presumably  limited 
by  the  isomerization  of  the  inactive  heterodimer  to  conditions 
(5  Mg/ml)  under  which  the  rate  was  limited  by  the  second- 
order  assembly  step,  we  were  able  to  monitor  directly  the 
conversion  of  the  inactive  heterodimer  to  the  active  hetero¬ 
dimer  (Fig.  5).  We  have  incorporated  both  first-order  folding 
steps  for  the  individual  subunits  and  an  inactive  heterodi¬ 
meric  intermediate  into  a  revised  scheme  for  the  pathway  of 
folding  and  assembly  of  the  luciferase  subunits,  presented  in 
Fig.  6. 

We  have  established  conditions  (18  *C,  50  mM  phosphate 
at  pH  7.0,  protein  concentrations  of  15-50  Mg/ml)  under  which 
luciferase  can  refold  reproducibly  to  its  active  structure  in 
high  yield  following  rapid  dilution  out  of  5  M  urea.  These 
methods  should  allow  a  more  complete  examination  of  the 
properties  of  the  temperature-sensitive  folding  mutants  de¬ 
scribed  in  our  earlier  report  (Sugihara  and  Baldwin,  1988). 
Based  on  the  results  of  the  experiments  reported  here,  we 
conclude  the  following. 

1)  Refolding  of  the  a  and  0  subunits  of  bacterial  luciferase 
occurs  by  a  multistep  process  involving  intermediates  both 
preceding  and  following  assembly  of  the  heterodimer. 

2)  The  encounter  complex  between  the  two  subunits,  in¬ 
volving  intermediates  on  the  pathway  of  folding  of  the  indi¬ 
vidual  subunits,  is  inactive;  formation  of  the  active  structure 
requires  one  or  more  subsequent  isomerization  steps. 

3)  At  low  protein  concentrations,  the  yield  of  active  heter- 
odimer  is  compromised  by  competing  first-order  folding  proc¬ 
esses  involving  folding  of  one  or  both  individual  subunits  into 
structures  incompetent  to  form  heterodimer,  as  predicted  by 
Waddle  et  of.  (1987). 

These  results  support  our  earlier  hypothesis  that  the  for¬ 
mation  of  the  active  heterodimeric  luciferase  is  a  kinetically 
controlled  process.  Under  conditions  that  limit  the  ability  of 
the  intermediate  Oi  and  0i  structures  to  associate,  the  individ¬ 
ual  subimits  appear  to  assume  thermodynamically  stable 
structures  (a,  and/or  d.)  incompetent  to  interact  with  each 
other,  by  processes  that  are  experimentally  irreversible  on  a 
time  scale  of  days  (Waddle,  19M;  Sinclair  et  al.,  1993).  This 
interpretation  suggests  that  the  biologically  active  heterodi¬ 
meric  structure  of  native  luciferase  may  reside  at  a  local 
energy  minimum  with  a  lifetime,  determined  by  high  activa¬ 
tion  energies  of  interconversion,  that  is  meaningful  on  a 
biological  time  scale,  rather  than  at  the  global  energy  mini¬ 
mum  that  would  prevail  on  a  geological  time  scale. 
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Bacterial  luciferase  is  an  od  heterodimer  with  a  sin¬ 
gle  active  center  in  which  the  reaction  of  reduced  FMN, 
Of,  and  an  aliphatic  aldehyde  yields  a  photon  of  blue- 
green  light.  We  have  shown  that  refolding  of  the  lucif- 
eraae  subunits  firom  5  M  urea  occurs  via  the  interme¬ 
diacy  of  several  species,  one  of  which  is  an  inactive 
heterodimeric  structure,  resulting  from  the  dimeriza¬ 
tion  of  a  and  S,  which  iaomerizes  to  the  active  a0 
structure  in  a  first-order  reaction  (Ziegler,  M.  M., 
Goldberg,  M.  E.,  Chaffotte,  A.  F.,  and  Baldwin,  T.  O. 
(1993)  J.  Biol.  Chem.  268,  10760-10766).  We  have 
also  demonstrated  the  existence  of  an  inactive  hetero- 
dimeric  species  that  is  well  populated  at  equilibrium  in 
the  presence  of  1.6-2.8  M  urea  (Clark,  A.  C.,  Sinclair, 
J.  F.,  and  Baldwin,  T.  O.  (1993)  J.  Bio/.  Chem.  268, 
10773-10779).  We  have  separated  the  a  and  0  subunits 
by  ion  exchange  chromatography  and  investigated  the 
effects  on  reformation  of  active  luciferase  of  allowing 
the  individual  subunits  to  refold  separately  prior  to 
mixing.  These  investigations  show  that  the  lag  in  for¬ 
mation  of  active  luciferase  is  due  to  slow  steps  in  fold¬ 
ing  of  the  individual  subunits.  The  0  subunit  appears 
to  fold  faster  than  the  a  subunit,  but  folding  of  the  0 
subunit  also  shows  a  distinct  lag.  When  the  a  and  0 
subunits  were  allowed  to  refold  from  urea  for  period 
of  several  hours  or  more  prior  to  mixing,  the  yield  of 
active  heterodimeric  luciferase  was  compromised, 
which  is  consistent  with  the  finding  that  individual 
subunits  produced  in  trivo  fold  into  structures  incom¬ 
petent  to  interact  with  each  other  to  form  the  active 
heterodimer  (Waddle,  J.  J.,  Johnston,  T.  C.,  and  Bald¬ 
win,  T.  O.  (1987)  Bioehemietry  26,  4917-4921).  It 
appeared  that  the  rate  with  which  the  0  subunit  as- 
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turned  the  heterodimerization-incompetent  structure 
wet  fatter  than  the  rate  with  which  the  a  subunit 
became  heterodimerization-incompetei^t.  These  obser- 
vidions  support  a  model  for  folding  and  assembly  of 
the  subunits  of  luciferase  in  which  the  two  subunits 
fold  into  assembly-competent  structures  that  associate 
to  form  the  heterodimer.  In  a  slow  competing  process, 
the  subunits  undergo  a  conformationsd  rearrangement 
to  form  stable  structures  incompetent  to  form  hetero¬ 
dimers.  It  appears  that  the  association  of  the  luciferase 
suhunits  might  constitute  an  example  of  one  polypep- 
tite  modifying  the  folding  pathway  of  another,  a  model 
that  is  consistent  with  the  suggestion  that  the  forma¬ 
tion  of  the  heterodimeric  structure  of  luciferase  is  a 
kinetic  trap  on  the  folding  pathway  of  the  individual 
subunits  (Sugihara,  J.,  and  Baldwin,  T.  O.  (1988)  Bio¬ 
ehemietry  27,  2872-2880). 


The  luciferase  from  luminous  marine  bacteria  catalyzes  the 
bioluminescent  oxidation  of  FMNH2'  and  a  long  chain  ali¬ 
phatic  aldehyde  by  molecular  oxygen,  producing  FMN,  the 
corresponding  chain  length  fatty  acid,  and  (presumably)  H20, 
with  the  emission  of  blue-green  light  (see  Baldwin  and  Ziegler 
(1992)  for  a  recent  review).  The  enzyme,  an  a0  dimer  (Fried- 
land  and  Hastings,  1967;  Hastings  et  oL,  1969),  lacks  disulfide 
bonds  (Tu  et  oL,  1977);  the  subunits  are  homologous,  with 
32%  amino  acid  sequence  identity  between  the  a  and  0  sub¬ 
units  from  Vibrio  harveyi  (Cohn  et  oL,  1985;  Johnston  et  at, 
1986).  Although  the  h^h  quantum  yield  reaction  requires 
both  subunits  and  appears  to  result  hrom  a  single  active  center 
on  the  heterodimer,  the  separate  a  and  0  subunits  expressed 
in  Escherichia  coU  each  shows  very  low  but  authentic  biolu¬ 
minescence  activity  in  the  absence  of  the  other  (Waddle  and 
Baldwin,  1991;  Sinclair  et  oL,  1993). 

We  have  found  that  the  individual  luciferase  subunits  fold 
in  vivo  into  stable  structures  that  do  not  interact  to  form  the 
active  heterodimeric  structure  (Waddle  et  aL,  1987).  Further¬ 
more,  we  have  reported  the  existence  of  variant  forms  of  the 
enzyme  from  V.  harveyi  that  do  not  fold  correctly  at  temper¬ 
atures  of  30  *C  but  that  are  stable  at  30  °C  once  folded 
(Sugihara  and  Baldwin,  1988).  These  mutants  appear  to  be 
very  similar  to  the  temperature-sensitive  folding  mutants  of 
the  phage  P22  tail  spike  protein  that  have  been  described  by 
King  and  co-workers  ((^Idenberg  et  al,  1982).  The  luciferase 
subunits  interact  during  the  folding  process,  but  if  they  fail 
to  form  the  heterodimer,  the  folding  will  proceed  toward 


'  The  abbreviations  used  are:  FMNH2,  reduced  flavin  mononucleo¬ 
tide;  DTT,  dithiothreitol. 
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alternative  structures  that  do  not  interact.  Furthermore,  the 
final  structures  that  the  subunits  assume  do  not  appear  to  be 
in  equilibrium  with  the  structures  that  are  capable  of  inter¬ 
acting  to  form  heterodimer.  That  is,  we  have  suggested  that 
the  native  form  of  the  luciferase  enzyme  constitutes  a  kinetic 
trap  for  the  folding  subunits  (Wadde  et  aL,  1987;  Sugihara 
and  Baldwin,  1988). 

The  heterodimeric  quaternary  structure  of  luciferase  is 
obviously  advantageous  to  the  investigator  with  an  interest 
in  the  detailed  dissection  of  the  folding  pathway  of  a  multi¬ 
meric  protein,  since  it  permits  distinction  between  (first- 
order)  folding  processes  of  the  individual  a  and  0  subunits 
and  the  (second-order)  step  of  assembly  into  tbe  heterodi¬ 
meric  structure.  The  rapidity  of  the  single-turnover  assay 
(Hastings  et  aL,  1978)  permits  the  monitoring  of  the  kinetics 
of  formation  of  active  enzyme  from  urea-unfolded  luciferase 
upon  dilution  of  the  urea.  The  preceding  paper  demonstrated 
that  at  low  protein  concentrations,  dimerization  appears  to 
be  rate-limiting  tnd  that  there  are  one  or  more  isomerization 
steps  between  the  initial  dimeric  complex  and  the  final  active 
enzyme  (Ziegler  et  of.,  1993).  Upon  dilution  of  an  equimolar 
mixture  of  unfolded  a  and  0  subunits  from  5  M  urea  into  0.1 
M  urea,  a  lag  of  3.5-4  min  was  observed  prior  to  the  onset  of 
recovery  of  active  enzyme.  This  lag  was  essentially  independ¬ 
ent  of  the  luciferase  subunit  concentration,  suggesting  that 
the  lag  was  due  to  slow  Hrst-order  steps  preceding  dimeriza¬ 
tion.  At  low  protein  concentrations,  tbe  yield  of  active  heter¬ 
odimer  was  compromised,  apparently  due  to  the  competing 
first-order  folding  of  one  or  the  other,  or  both,  of  the  subunits 
into  the  presumed  assembly-incompetent  form  (Ziegler  et  aL, 
1993).  Based  on  these  observations,  we  have  proposed  the 
model  presented  in  Fig.  1  (Ziegler  et  of.,  1993). 

This  model  makes  certain  predictions  regarding  the  folding 
of  the  individual  subunits  and  the  assembly  of  the  heterodi¬ 
mer.  Specifically,  if  the  lag  in  the  formation  of  the  active 
enzyme  is  due  to  first-order  steps  in  the  folding  of  the  a  and 
0  subunits  following  dilution  from  urea,  then  allowing  the 
individual  subunits  to  refold  for  a  short  time  prior  to  mixing 
should  reduce  or  eliminate  the  lag.  Furthermore,  by  allowing 
one  subunit  to  refold  from  urea  for  a  short  time  prior  to 
mixing  with  the  other  unfolded  subunit,  it  should  be  possible 
to  determine  whether  the  lag  is  due  to  slow  steps  on  the 
refolding  pathway  for  one  subunit  or  the  other,  or  both.  The 
proposed  dimerization  process  involving  intermediates  on  the 
refolding  pathway  of  the  two  subunits  suggests  that  the  rate 
of  dimerization  should  depend  on  the  concentration  of  both 
subunits.  If  a  low  concentration  of  one  unfolded  subunit  were 
titrated  with  the  other  unfolded  subunit,  the  rate  of  recovery 
of  activity  should  depend  on  the  concentration  of  the  subunit 
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Fic.  1.  Model  for  folding  of  Inciferaae  snbanits,  aaaembly 
into  tbe  beterodimer,  and  isomerization  to  the  active  enzyme. 

a.  and  0,  are  unfolded  subunits;  ai  and  0i  represent  partially  folded 
intermediates  that  are  competent  to  interact,  forming  a  lieterodimer 
if  both  are  present;  a,  and  0,  represent  folded  conformations  incom¬ 
petent  to  form  heterodimers;  [adji  represents  inactive  heterodimeric 
intermediate;  and  a0  is  the  active  heterodimer  (from  Ziegler  et  aL, 
1993). 
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in  excess,  regardless  of  which  subunit  is  in  excess.  Finally,  if 
the  dimerization  requires  intermetuate  structures  of  subunits 
that  dimerize  in  a  k^etically  controlled  interaction  but  that 
also  can  fold  independently  into  structures  that  do  not  inter¬ 
act  with  each  other,  then  refolding  of  the  subunits  independ¬ 
ently  from  urea  should  result  in  structures  that  are  heterodi¬ 
mer  assembly-incompetent.  To  investigate  these  possibilities, 
we  have  separated  the  luciferase  subunits  using  chromato¬ 
graphic  methods  so  that  we  could  investigate  the  effects  of 
varying  the  concentrations  of  the  two  subunits  independently 
in  the  refolding  mixture  and  varying  the  time  of  refolding 
prior  to  mixing  of  the  subunits. 

EXPERIMENTAL  PROCEDURES 

MateriaU — FMN  was  obtained  from  Fluka  and  was  used  without 
further  purification.  Bovine  serum  albumin  (Fraction  V  powder)  and 
n-decyl  aldehyde  were  purchased  from  Sigma.  Ultra-Pure  urea  was 
the  product  of  Schwarz-Mann.  DEAE-Sephadex  A-50  was  a  product 
of  Pharmacia  LKB  Biotechnology  Inc.  All  other  chemicals  were  of 
the  highest  quality  commercially  available  and  were  used  without 
further  purification. 

Phosphate  buffers  were  prepared  by  mixing  the  appropriate  pro¬ 
portions  of  the  monobasic  and  dibasic  sodium  or  potassium  salts  to 
obtain  the  desired  pH. 

Luciferase  Purification  and  Aiaay — E.  eoti  (LE392)  cells  carrying 
the  V.  harveyi  luxAB  genes  on  a  pUC9-derived  plasmid,  pLAVl,  were 
grown,  and  the  luciferase  was  purified  as  previously  described  (Bald¬ 
win  et  aL,  1989),  the  purification  method  being  a  modification  of  that 
described  by  Hastings  et  oL  (1978)  for  purification  of  the  enzyme 
from  the  native  organism,  V.  harveyi.  Enzyme  concentrations  were 
determined  by  abaorbance  at  280  nm,  using  an  extinction  coefficient 
of  0.94  (mg/ml)*' -cm'*  (Gunsalus-Mi^el  et  oi.,  1972).  The  enzyme 
was  assayed  (22  *C)  using  a  photomultiplier-photometer  to  detect  the 
light  emitted  with  n-decyl  altfehyde  as  the  substrate  upon  rapid 
injection  of  FMNHt  photoieduced  in  a  solution  containing  2  mM 
EOTA  (Hastings  et  aL,  1978). 

Purification  of  Luciferase  Subunits— The  a  and  d  subunits  of 
luciferase  purified  from  recombinant  E.  coli  (Baldwin  et  oL,  1989) 
were  resolved  by  chromatography  on  DEAE-Sephadez  in  5  M  urea  as 
previously  described  (Tu,  1978).  The  enzyme  to  be  applied  to  tbe 
column  (85  mg)  was  dialyzed  at  4  *C  versus  40  mM  phosphate,  1  mM 
EDTA,  0.5  mM  DTT,  pH  7.0;  immediately  before  application  to  tbe 
column,  enough  solid  urea  was  added  to  make  the  sample  5  M  in  urea. 
The  sample  was  then  applied  to  a  2.5  x  42-cm  column  previously 
equilibrated  in  40  mM  phosphate,  1  mM  EDTA,  1  mM  DTT,  5  M  urea 
pH  7.0,  at  4  ’C  and  eluted  with  a  linear  gradient  consisting  of  400  ml 
of  tbe  equilibration  buffer  and  4<X)  ml  of  the  same  buffer  120  mM  in 
phosphate. 

The  pooled  subunits  (in  5  M  urea)  were  concentrated  by  ultrafil¬ 
tration  using  OntriPrep-10  centrifugal  concentrators  (Amicon),  di¬ 
alyzed  against  5  M  urea  50  mM  phosphate,  1  mM  EDTA,  1  mM  DTT, 
pH  7.0,  and  stored  at  -20  ’C.  Subunit  concentrations  in  5  M  urea 
were  determined  by  absorbance  at  280  nm,  using  the  extinction 
coefficients  for  denatured  subunits  determined  by  Waddle  (1990), 
which  are  very  similar  to  those  determined  by  Gunsalus-Miguel  et  oL 
(1972):  E  for  a  ^  1.23  (mg/ml)"' -cm'*  and  for  0  »  0.72  (mg/ml)"‘- 
cm*'. 

Refolding  of  Luciferase  and  of  Individual  Subunits  from  5  M  Urea — 
When  refolding  of  luciferase  alone  was  to  be  followed,  the  enzyme  in 
5  M  urea  (50  mM  phosphate,  1  mM  EDTA,  1  mM  DTT,  pH  7.0)  was 
diluted  (defining  time  0)  1:100  into  renaturation  buffer  (50  mM 
phosphate,  0.2%  bovine  serum  albumin,  1  mM  EDTA,  1  mM  DTT, 
pH  7.0),  which  was  also  0.05  M  in  urea  so  that  the  final  urea 
concentration  after  enzyme  addition  would  be  0.1  M  in  the  sample 
during  refolding.  When  individual  subunits  alone  were  to  be  refol(^ 
the  same  procedure  was  followed.  When  luciferase  was  to  be  refolded 
in  tbe  presence  of  added  subunit,  the  enzyme  and  the  subunit  (both 
in  5  M  urea)  were  premixed,  and  the  mixture  was  diluted  1:50  at  time 
0  into  renaturation  buffer.  When  a  subunit  was  to  be  ‘^refolded’’  for 
a  given  length  of  time  prior  to  addition  of  luciferase,  the  subunit  in  5 
M  urea  was  diluted  1:100  into  renaturation  buffer  (so  the  urea  con¬ 
centration  during  prefolding  was  0.05  M),  and  the  luciferase  refolding 
was  subsequently  initiated  by  1:100  dilution  (time  0)  of  the  enzyme 
in  5  M  urea  into  the  solution  of  prefolded  subunit  in  renaturation 
buffer  (final  urea  concentration.  0.1  m).  All  dilutions  of  enzyme  or 
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subunit  itom  5  m  urta  into  buffer  wert  cairisd  out  by  rapid  addition 
to  tbs  buffer  on  a  vortas  mixer.  Activity  recovery  was  monitored  by 
withdrasral  of  lO-id  aliquots  of  the  renaturation  mixture  and  dilution 
at  time  t  into  1.0  ml  of  assay  buffer  containing  IS  m1  of  a  sonicated 
suspension  (0.01%  v/v)  of  n-d^l  aldehyde  in  HiO,  followed  qiprox- 
imately  12-15  s  later  by  initiation  of  the  assay  by  iitiection  of  FMNHj. 
In  experiments  in  which  luciferase  wu  renatuied  in  the  presence  of 
added  excess  a  or  d  subunit,  or  in  which  a  subunit  was  ‘^refolded* 
prior  to  niixing  with  the  other  subunit  or  with  luciferase,  the  aaivities 
of  the  individual  subunits  were  monitored  in  separate  control  samples 
and  the  activity  attributable  to  the  free  subunit  was  subtracted  from 
the  activity  obtained  in  the  final  mixture.  This  correction  was  signif¬ 
icant  only  for  the  a  subunit  and  only  at  early  times  or  high  concen¬ 
trations. 

RESULTS 

Upon  dilution  of  unfolded  luciferase  subunits  in  5  M  urea 
into  buffer  a  final  urea  concentration  of  0.1  M,  a  lag  of 
about  4  min  is  observed  prior  to  the  recovery  of  biolumines¬ 
cence  activity  (Ziegler  st  aL,  1993).  The  rate  of  recovery 
following  the  lag  is  strongly  concentration-dependent  below 
10  Mg/ml,  whereas  the  duration  of  the  lag  is  comparatively 
concentration-independent  (Ziegler  et  aL,  1993).  This  obser¬ 
vation  suggested  that  the  lag  might  be  due  to  slow  (first- 
order)  steps  in  the  folding  of  either  a  or  d  (or  both)  pi-eceding 
the  dimerization  step.  Experiments  to  test  this  possibility 
required  pure  isolated  subunits.  For  this  purpose,  we  have 
separated  the  subunits  of  luciferase  using  DEAE-Sephadex 
column  chromatography  in  buffers  containing  5  M  urea  (Fig. 
2).  The  resolution  afforded  by  this  method  was  excellent,  but 
nonetheless,  to  avoid  contamination  of  one  subunit  with  the 
other,  we  were  conservative  in  the  pooling  of  fractions. 

To  test  the  possibility  that  the  lag  in  recovery  of  activity 
was  due  to  folding  steps  that  precede  dimerization,  we  allowed 
the  individual  subunits  to  refold  separately  for  various  periods 
of  time  prior  to  mixing  (Fig.  3).  Upon  mixing  of  subunits  that 
had  been  allowed  to  refold  separately  for  5  min  or  longer, 
recovery  of  luciferase  activity  was  observed  without  a  lag, 
demonstrating  that  the  lag  was  in  fact  due  to  refolding  steps 
that  preceded  dimerization. 

The  active  form  of  bacterial  luciferase  is  the  heterodimen 
formation  of  the  heterodimer  on  the  folding  pathway  would 
require  a  second-order  process  that  should  be  apparent  in  the 
concentration  dependence  of  the  rate  of  dimer  formation.  We 
have  shown  that  the  rate  of  formation  of  active  luciferase  is 
strongly  concentration-dependent  at  concentrations  below  10 
Mg/ml  (Ziegler  et  aL,  1993).  Above  10  Md/ml,  the  rate  of 
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Fig.  2.  Separation  of  Inciferaae  sabunits  by  DEA£*Sepha> 
dex  A*50  cohuna  chronsatography  in  5  M  urea.  Luciferase 
purified  from  £.  coli  was  denatured  in  5  M  urea,  and  the  a  and  0 
subunits  were  resolved  by  a  phosphate  gradient  in  5  m  urea  as 
described  under  “Experimental  Procedures." 
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Fig.  3.  Tiara  coarae  of  recovery  of  luciferase  sictivity  fol¬ 
lowing  refolding  of  the  indlviduid  subunits  prior  to  mixing. 
The  a  and  0  subunits  (each  1.0  mg/ml  in  5  m  urea)  were  permitted 
to  refold  separately  after  1:50  dilution  into  renaturation  buffer  (see 
“Experimental  Pniceduiaa”),  for  30  min  (■)  or  60  min  I  )  prior  to 
mixing.  The  subunit  concentration  during  the  separate  refolding  was 
20  Mg/ml,  and  the  final  urea  concentration  in  each  refolding  mixture 
was  0.1  M.  At  time  0  (30  or  60  min  after  dilution  from  5  M  urea), 
equal  volumes  of  the  solutions  of  the  two  refolding  subunits  were 
mixed,  so  that  the  final  protein  concentrations  were  10  Mg/ml  a  and 
10  Mg/ml  0,  or  20  Mg/ml  total,  and  aliquots  were  removed  periodically 
for  activity  assay.  In  the  control  (•),  equal  volumes  of  the  I  mg/ml 
subunits  in  5  M  urea  ware  mixed  prior  to  dilution,  and  the  mixture 
was  diluted  1:50  (to  20  ag/ml  final  protein  concentration)  into  rena- 
turation  buffer  at  time  0  to  initiate  refolding.  Percent  recovery  is 
expressed  relative  to  the  activity  of  a  native  sample  diluted  to  20  4g/ 
ml  into  the  same  renaturation  buffer,  0.1  m  in  urea,  and  incubated 
for  the  same  period  of  time. 

formation  of  the  active  enzyme  appears  to  saturate,  suggesting 
that  some  other  process  becomes  rate-limiting  (see  Fig.  1).  At 
low  concentrations  (2  pg/ml  and  below)  a  marked  reduction 
in  yield  of  active  enzyme  is  observed  that  appears  to  be  due 
to  competing  first-order  folding  steps  involving  the  individual 
subunits  that  lead  to  stable  structures  that  are  incompetent 
to  form  heterodimer  (Ziegler  et  aL,  1993).  This  model  (Fig.  1) 
predicts  that  if  the  concentration  of  one  subunit  were  held 
constant  at  1  pg/ml,  and  the  concentration  of  the  other  varied 
from  1  Mg/ml  to  above  20  pg/ml,  the  rate  of  formation  of  the 
active  enzyme  should  increase  with  the  concentration  of  the 
subunit  in  excess  and  that  the  excess  subunit  should  rescue 
the  limiting  subunit  from  undergoing  the  competing  first- 
order  folding  reaction.  The  results  of  this  experiment  are 
presented  in  Fig.  4,  A  and  B.  Addition  of  an  excess  of  either 
subunit  to  a  limiting  concentration  of  the  other  resulted  in  a 
concentration-dependent  increase  in  the  rate  of  formation  of 
active  enzyme  after  the  lag  (Fig.  4)  and  also  an  increase  in 
the  yield  of  active  enzyme  (Table  I),  as  predicted  from  the 
model  presented  in  Fig.  I. 

An  additional  observation  apparent  in  Fig.  4,  A  and  B,  was 
that  with  high  concentrations  of  either  the  a  or  the  0  subunit 
present,  there  was  still  a  lag  preceding  formation  of  the  active 
heterodimer.  This  result  suggested  that  the  lag  might  be  due 
to  slow  steps  in  the  folding  of  both  subunits.  However,  to 
better  approach  this  question,  we  allowed  one  subunit  to  refold 
fiom  urea  for  4  min  prior  to  mixing  with  the  other  unfolded 
subunit.  By  so  doing,  we  hoped  to  obtain  some  idea  of  the 
relative  rates  (for  a  versus  0)  of  the  presumed  first-order  steps 
that  precede  the  dimerization  step  in  the  assembly  of  active 
luciferase.  The  results  are  presented  in  Fig.  5.  In  both  cases, 
the  lag  was  still  apparent,  indicating  the  existence  of  slow 
steps  in  the  refolding  of  both  subunits.  However,  addition  of 
excess  prefolded  a  subunit  to  unfolded  0  subunit  resulted  in 
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Fig.  4.  Time  conne  of  recovery  of  Incifereae  activity  fol* 
lowing  dilation  flrom  S  M  area  in  the  preaence  of  exceaa  a 
anbnnit  (panel  A)  or  0  aobonit  (panel  B),  LuciferaM  (200  Mg/ 
ml)  in  5  M  urea  waa  mixed  with  an  equal  volume  of  a  lubunit  in  5  m 
urea  or  of  0  subunit  in  5  M  urea  (or  of  5  ii  urea  buffer  alone  if  no 
subunit  was  to  be  added),  and  at  time  0,  refolding  was  initiated  by  a 
i-.SO  dilution  of  the  mixture  from  5  M  urea  into  renaturation  buffer 
(see  '‘Experimental  Procedures”).  The  final  luciferase  concentration 
in  the  refolding  mixture  was  thus  2  Mg/ml  (1  Mg/ml  <*  and  1  Mg/ml  0) 
alone  (■),  or  2  Mg/ml  plus  additional  subunits  as  follows.  A,  a  subunit 
at  5  Mg/ml  (0),  10  M^ml  (▲),  20  Mg/ml  O,  or  36.6  Mg/ml  (•);  B,  0 
subunit  at  5  Mg/ml  (0),  10  Mg/ml  (A),  20  Mg/ml  (□),  or  38.2  Mg/ml 
(•).  Percent  recovery  is  expressed  relative  to  tte  activity  of  a  native 
sample  diluted  to  2  Mg/ml  into  the  same  renaturation  bu^r,  0.1  M  in 
urea,  and  incubated  for  the  same  period  of  time. 


Table  I 

Relative  yield  of  active  luciferase  after  renaturation  in  the  presence  of 
excess  a  or  0  subunit 


Lueiftna*  taaiple 

Relative  yield* 

2  Mg/ml  luciferaae  alone 

1.0 

+  5  Mg/ml  a  subunit 

1.4 

+  10  Mg/ml  a  subunit 

1.3 

■f  20  Mg/ml  a  subunit 

1.6 

-i-  36.6  Mg/ml  a  aabunit 

1.5 

■f  5  Mg/ml  0  suboBit 

1.8 

+  10  Mg/ml  0  subunit 

1.7 

20  Mg/ml  0  sitbunit 

1.9 

-I-  38.2  Mg/ml  0  subunit 

1.9 

*  Yields  ore  given  relative  to  that  of  2  Mg/ml  luciferase  alone  diluted 
1:50  from  5  M  urea  into  renaturation  buffer  after  21  h  at  18  'C,  from 
the  experiment  described  in  the  legend  to  Fig.  4.  The  recovery  from 
the  2  ^ml  sample  with  no  added  subunits  was  itself  about  45%  of  a 
control  that  had  not  been  denatured. 

a  reduction  in  the  duration  of  the  lag,  suggesting  that  the  a 
suhunit  refolds  more  slowly  than  does  the  0  subunit. 

The  final  prediction  that  we  explored  in  these  studies  was 
the  issue  of  the  folding  of  the  individual  subunits  into  struc¬ 
tures  that  do  not  interact  with  each  other.  The  model  shown 
in  Fig.  1  is  based  on  two  observations.  First,  if  the  twr  l  .ibunits 
are  synthesized  independently  in  E.  coli,  one  or  the  other  or 
both  fold  into  structures  that  do  not  assemble  into  active 
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Fig.  5.  Time  coarse  of  recovery  of  luciferase  activity  in  the 
preaence  of  ezeeas  a  at  0  subunit  that  bad  been  allowed  to 
refold  for  4  min  prior  to  tbe  addition  of  luciferaae  from  5  M 
urea.  The  individual  a  or  0  subunit  (2  mg/ml  in  5  M  urea)  was 
diluted  1:100  into  renaturation  buffer.  After  “prefolding”  of  each 
subunit  alone  for  4  min  at  18  *C,  luciferase  in  5  M  urea  was  added 
(time  0)  to  each  prefolding  subunit  solution  such  that  the  final 
luciferaae  concentration  was  5  Mg/ml  in  tbe  presence  of  20  Mg/ml 
exceaa  prefolded  a  (■)  or  d  (A)  subunit,  and  the  final  urea  concentra¬ 
tion  was  0.1  M.  In  the  control  (•),  luciferaae  was  permitted  to  refold 
at  5  Mg/ml  after  dilution  ffom  5  M  urea  in  the  absence  of  prefolded 
subunits.  Percent  recovery  is  expressed  relative  to  the  activity  of  a 
native  sample  diluted  to  5  Mg/ml  into  the  same  reimturation  buffer, 
0.1  M  in  urea,  and  incubated  for  the  same  period  of  time.  Final  yields 
in  this  experiment  (relative  to  the  activity  of  the  native  sample  at  5 
Mg/ml)  were  73%  for  renatured  luciferase  idone  and  77%  for  lu^rase 
plus  either  subunit  in  excess. 

luciferase  upon  mixing  (Waddle  et  aL,  1987).  Second,  the  yield 
of  active  heterodimeric  enzyme  that  forms  during  refolding 
from  urea  is  compromised  at  low  concentrations,  indicating  a 
competing  folding  process  involving  the  independent  subunits 
(Ziegler  et  aL,  1993).  Neither  of  these  results  demonstrated 
over  what  time  course  the  conversion  of  the  subunits  to  the 
assembly-incompetent  form  was  occurring,  or  which  of  the 
two  subunits  is  responsible. 

To  address  the  question  of  the  time  course  of  the  competing 
off-pathway  folding  of  the  individual  subunits,  we  permitted 
the  subunits  to  refold  separately  for  various  periods  of  time 
up  to  21  h  and  then  mixed  them  and  followed  the  time  course 
and  final  jdeld  of  active  heterodimer  recovery.  The  early  time 
courses  of  two  such  experiments,  involving  prior  refolding  of 
both  subunits  for  30  and  60  min,  were  shown  in  Fig.  3,  and 
the  effect  on  the  lag  in  activity  recovery  is  discussed  above. 
The  final  yields  of  active  enzyme  recovered  in  those  two 
experiments,  as  well  as  following  prefolding  for  longer  periods 
of  time,  are  shown  in  Table  II.  Permitting  both  of  the  subunits 
to  refold  separately  for  up  to  about  3  h  prior  to  mixing  had 
relatively  little  effect  on  the  final  recovery  of  active  enzyme, 
but  the  yield  obtained  in  the  experiment  with  21  h  of  prefold¬ 
ing  was  much  lower,  suggesting  that  the  off-pathway  conver¬ 
sion  of  the  species  competent  to  form  heterodimer  to  the 
assembly-incompetent  form  must  be  slow,  with  a  first-order 
rate  constant  in  tbe  range  of  0.06-0.12  h~'  at  18  *C. 

To  address  the  question  of  which  of  the  two  subunits  was 
being  converted  to  a  stable,  heterodimer  assembly-incompe¬ 
tent  form,  we  allowed  each  to  refold  for  24  h  prior  to  mixing. 
Upon  mixing  of  the  separately  refolded  subunits,  very  low 
activity  that  formed  at  a  very  slow  rate  was  observed  (Fig.  6 
and  Table  III).  Likewise,  dUution  of  unfolded  a  subunit  into 
a  solution  containing  folded  0  subunit  resulted  in  a  very  low 
yield  of  active  enzyme,  indicating  that  most  of  the  0  subunit 
had  refolded  over  the  24-h  period  into  an  assembly-incompe¬ 
tent  form.  Dilution  of  unfolded  0  subunit  into  a  solution  of 
folded  a  subunit,  however,  resulted  in  rapid  recovery  of  activ¬ 
ity  with  a  shorter  initial  lag  than  was  observed  when  unfolded 


10770 


Luciferase  SiAunit  Folding  and  Kinetic  Control  of  Assembly 


Table  II 

R^okUng  both  tubunitt  ttptunuiy  prior  to  mixing 
Effitct  on  the  final  yield  of  active  enzyme.  The  ezperiment  waa 
performed  as  daacribed  in  the  legend  to  Fig.  3,  with  the  subunits  being 
permitted  to  refold  separately  at  20  M8/n>l  for  various  periods  of  time 
prior  to  mixing.  The  final  protein  concentration  following  mixing  waa 
20  MX/ml.  10  (ig/ml  of  each  subunit. 


Duration  of  lofoldiiii 
prior  to  miziag 

%  yield* 

0  min 

50 

30  min 

SO 

60  min 

45 

90  min 

40 

167  min 

40 

21  h 

6 

*  Final  activities  were  determined  24  h  after  mixing  of  the  subunits. 
Yields  are  given  relative  to  a  control  consisting  of  20  /<g/ml  luciferase 
alone  that  had  never  been  denatured.  For  reference,  luciferase  diluted 
1:50  from  5  M  urea  into  renaturation  buffer  at  20  Mg/ml  recovered 
about  80%  of  the  control  activity  after  21  h  at  18  *C  (Ziegler  et  oL, 
1993). 


Fig.  6.  Time  coorae  of  rocovery  of  laeiforaae  activity  fol* 
lowing  refolding  of  one  subunit  for  24  h  prior  to  dilution  of 
the  other  subunit  from  5  M  urea.  The  a  and  0  subunits  (each  1.0 
mg/ml  in  5  M  urea)  were  permitted  to  refold  separately  upon  1:50 
dilution  into  renaturation  buffer  (see  "Experimental  Procedures’*), 
the  urea  concentration  being  0.1  m,  for  24  h  prior  to  addition  of  the 
other  subunit  from  5  M  urea.  After  24  h  of  prefolding,  0.5  ml  of  the 
refolded  subunit  was  diluted  with  an  equal  volume  of  renaturation 
buffer  (so  that  the  final  concentration  of  refolded  subunit  was  10  iig/ 
ml),  and  at  time  0,  the  other  subunit  (in  5  M  urea)  was  diluted  1:100 
into  the  solution  of  the  refolded  subunit,  so  t^t  the  final  urea 
concentration  was  again  0.1  M  and  the  final  protein  concentrations 
were  10  Mg/ml  lefoltM  a  and  10  Mf/ml  unfolded  0  (A),  or  10  Mg/ml 
unfolded  a  and  10  Mg/ml  refolded  0  O-  For  reference,  subunits  that 
had  each  been  permitted  to  refold  separately  for  21  h  were  mixed  in 
equal  volumes  (final  concentrations,  10  Mg/ml  of  each  subunit)  at 
time  0  (4)  (as  described  in  Rg.  3  for  shorter  times  of  refolding).  In 
the  control  (•),  the  subraita  in  5  U  urea  were  mixed  prior  to  dilution 
and  diluted  together  IdO  into  renaturation  buffer  (final  concentra¬ 
tions,  10  Mg/ml  of  each  subunit)  to  initiate  refolding  at  time  0.  Percent 
recovery  is  expressed  relative  to  the  activity  of  a  native  sample  diluted 
to  20  Mg/ml  into  the  same  renaturation  buffer,  0.1  M  in  urea,  and 
incubated  for  the  same  period  of  time. 

a  subunit  is  mixed  with  unfolded  0  subunit,  indicating  that  a 
substantial  fraction  of  the  24  h-folded  conformation  of  the  a 
subunit  is  able  to  interact  with  0  subunit  as  0  refolds  from 
urea.  The  shorter  lag  is  consistent  with  the  observation  that 
the  0  subunit  folded  faster  than  did  the  a  subunit,  such  that 
the  folding  of  a  determined  the  length  of  the  lag  when  both 
subunits  were  diluted  from  urea  at  the  same  time  (see  Fig.  5). 
However,  the  sample  in  which  the  a  subunit  was  permitted  to 
fold  for  24  h  prior  to  the  addition  of  unfolded  0  eventually 
recovered  only  half  of  the  activity  of  the  sample  in  which  the 
two  subunits  refolded  together  from  the  outset  (Table  III), 
suggesting  that  some  fraction  of  a  may  also  be  assuming  a 


Table  III 

R^oUing  the  a  andtor  0  tuhtinit  teporatefy  for  24  h  prior  to  mixing 
with  the  other  tubunit 


Effect  on  final  yield  of  active  enzyme 

Sample 

%  yield* 

50* 

OiWiHil  'I'  dm 

26' 

^ - 

5' 

+  diMM 

6* 

*  Final  protein  concentrations  were  all  20  Mg/ml,  10  Mg/ml  of  each 
subunit.  Yields  are  given  relative  to  a  control  consisting  of  20  Mg/ml 
luciferase  alone  that  had  never  been  denatured.  For  reference,  lucif- 
erase  diluted  1:50  from  5  M  urea  into  renaturation  buffer  at  20  Mg/ml 
recovered  about  80%  of  the  control  activity  after  21  h  at  18  *C  (Ziegler 
etoL,  1993). 

‘The  subunits  in  5  M  urea  were  mixed  prior  to  1:50  dilution  of  the 
mixture  into  renaturation  buffer. 

*  Either  the  a  or  the  0  subunit  was  permitted  to  refold  for  24  h 
prior  to  the  addition  of  the  second  subunit  by  dilution  from  5  M  urea, 
as  described  in  the  legend  to  Fig.  6. 

*  Both  subunits  were  permitted  to  refold  separately  for  21  h  prior 
to  mixing,  as  in  the  experiment  described  in  the  legend  to  Fig.  3. 

heterodimer  assembly-incompetent  conformation  when  per¬ 
mitted  to  refold  for  24  h  in  the  absence  of  the  0  subunit. 

DISCUSSION 

The  experiments  reported  here  were  undertaken  in  order 
to  develop  an  understanding  of  the  overall  kinetic  pathway 
for  the  folding  and  assembly  of  the  luciferase  subunits.  Be¬ 
cause  of  the  nature  of  the  experiments,  we  deemed  it  unrea¬ 
sonable  to  attempt  to  extract  specific  rate  constants  for  indi¬ 
vidual  steps  or  combinations  of  steps.  Rather,  we  elected  to 
utilize  the  approach  described  in  this  and  the  preceding  pub¬ 
lication  (Ziegler  et  aL,  1993)  to  investigate  the  overaU  folding 
reaction.  Knowledge  of  the  overall  folding  mechanism  should 
allow  us  to  design  spectroscopic  methods  by  which  we  may 
monitor  the  rates  of  conversion  of  one  identifiable  interme¬ 
diate  into  the  next.  Our  results  allow  qualitative  estimates  to 
be  made  of  the  rates  of  interconversion  of  folding  intermedi¬ 
ates. 

We  have  demonstrated  the  existence  of  a  series  of  inter¬ 
mediates  involved  in  the  folding  and  assembly  of  the  luciferase 
subunits.  These  include  the  unfolded  subunits  (ou  and  0J  and 
the  heterodimer  assembly-competent  subunit  species  (ai  and 
0i),  which  can  either  fold  on  to  form  the  heterodimer  assem¬ 
bly-incompetent  species  (a.  and  di)  or  associate  to  form 
heterodimeric  species,  the  inactive  heterodimer  ((a/9]i),  and 
the  active  heterodimer  (a0).  Knowledge  of  these  intermediates 
and  their  apparent  interconversions  allowed  us  to  formulate 
a  minimal  model  for  the  kinetic  mechanism  for  the  folding  of 
the  luciferase  subunits  and  the  assembly  of  the  active  heter¬ 
odimer  (Fig.  1)  that  is  consistent  with  the  results  of  studies 
carried  out  at  equilibrium  (Clark  et  al.,  1993). 

The  results  reported  here  demonstrate  the  existence  of  one 
or  more  comparatively  slow  steps  between  the  unfolded  sub¬ 
units  and  the  assembly-competent  form  of  the  subunits.  Only 
a  few  proteins  have  been  investigated  by  circular  dichroism 
spectroscopy  on  the  stopped-flow  time  scale,  but  for  such 
proteins  a  clear  generalization  can  be  made,  llie  majority  of 
the  secondary  structure  of  a  protein  forms  within  much  less 
than  1  s  following  dilution  from  a  denaturant  solution  (Ku- 
wajima  et  oL,  1991;  Chaffbtte  et  aL,  1992).  The  same  is  true 
for  the  luciferase  subunits,^  but  we  observed  a  prolonged  lag 
of  3-4  min  between  the  time  of  dilution  of  the  subunits  from 


‘  T.  O.  Baldwin,  M.  M.  Ziegler,  A.  F.  Chaffotte,  and  M.  E.  Goldberg, 
unpublished  results. 
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urea  and  the  onset  of  accumulation  of  active  enzyme  (Ziegler 
et  ai,  1993).  Thus,  there  must  already  be  considerable  struc¬ 
ture  present  in  the  assembly -competent  species  (oj  and  di)- 
Although  supplementation  of  luciferase  during  refolding  with 
a  large  excess  of  either  individual  subunit  indicated  that  the 
rate  of  recovery  of  the  active  heterodimer  was  a  function  of 
the  concentration  of  the  subunit  in  excess  (Fig.  4),  the  lag 
appeared  to  be  nearly  independent  of  the  concentration  of  the 
subunit  in  excess.  This  observation,  and  the  observation  that 
the  lag  was  independent  of  the  concentration  of  the  refolding 
subunits  maintained  at  a  stoichiometry  of  1:1  (Ziegler  et  ai, 
1993),  suggested  that  the  lag  was  due  to  a  slow  (first-order) 
step  or  steps  in  the  folding  of  both  subunits,  since  the  lag 
persisted  regardless  of  which  subunit  was  in  excess.  The 
suggestion  that  the  lag  was  due  to  slow  steps  preceding  dimer 
assembly  was  confirmed  by  allowing  the  two  subunits  to  refold 
for  various  periods  of  time  prior  to  mixing  (Fig.  3).  By  this 
method,  we  eliminated  the  lag,  demonstrating  that  the  lag 
was  due  to  the  delay  in  the  formation  of  the  assembly- 
competent  forms  of  one  or  both  subunits. 

In  all  of  our  experiments,  we  found  only  a  single  way  to 
alter  the  duration  of  the  lag  in  the  formation  of  active  lucif¬ 
erase  without  completely  eliminating  it.  By  allowing  the  a 
subunit  to  refold  from  urea  for  4  min  prior  to  mixing  with 
unfolded  d  subunit,  we  observed  a  somewhat  shorter  lag  (Fig. 
5).  The  converse  experiment,  in  which  we  allowed  the  d 
subunit  to  refold  briefly  prior  to  mixing  with  unfolded  a 
subunit,  resulted  in  a  lag  of  nearly  the  same  duration  as  if 
both  subunits  were  diluted  together  from  urea  sinultaneously. 
This  experiment  demonstrated  that  the  lag  is  determined 
primarily  by  the  rate  of  folding  of  the  a  subunit,  but  that 
although  the  d  subunit  appeared  to  fold  faster  than  the  a 
subunit,  there  was  not  a  major  difference  in  the  rates. 

The  fuial  conclusion  that  we  may  draw  from  these  experi¬ 
ments  relates  to  the  failure  of  folded  subunits  to  assemble 
into  the  active  enzyme,  as  originally  reported  by  Waddle  et 
aL  (1987)  for  subunits  folded  in  vivo.  We  found  that  if  the 
individual  subunits  were  permitted  to  refold  from  urea  for  21 
h  prior  to  mixing,  little  active  enzyme  was  formed  (Table  II). 
To  determine  if  both  folded  subunits  were  heterodimer  assem¬ 
bly-incompetent,  we  mixed  one  folded  subunit  with  the  other 
unfolded  subunit  and  monitored  both  the  rate  of  formation 
and  the  yield  of  active  enzyme.  Mixing  of  refolded  a  subunit 
with  unfolded  d  subunit  resulted  in  some  reduction  in  yield 
of  ad  relative  to  the  yidd  observed  when  unfolded  a  was 
mixed  with  unfolded  0.  This  observation  suggests  that  the  a-, 
species  may  be  very  slowly  converted  to  a„  with  a  half-time 
for  the  conversion  of  the  order  of  24  h  at  18  *C  in  0.1  M  urea 
and  50  mM  phosphata,  pH  7.0.  The  d  subunit  appeared  to 
convert  to  the  dt  species  slowly  as  well  but  significantly  faster 
than  the  a  subunit,  with  a  half-time  between  6  and  12  b. 
When  both  subunits  were  allowed  to  refold  for  periods  of  60- 
90  min  prior  to  mixing,  the  rates  of  formation  and  yield  of 
active  enzyme  were  not  seriously  compromised.  However, 
when  the  d  subunit  was  allowed  to  refold  for  24  h  prior  to 
mixing  with  either  unfolded  or  refolded  a,  very  little  ad  was 
formed,  indicating  that  about  90%  of  the  d  subunit  bad  been 
converted  to  the  d>  species.  These  observations  suggest  that 
the  half-time  for  the  di  — >  dm  conversion  is  less  than  12  h  but 
greater  than  3  h. 

Gunsalus-Miguel  et  aL  (1972)  have  reported  a  similar  ex¬ 
periment  (permitting  the  individual  subunits  to  refold  for  48 
h,  whereas  our  maximum  refolding  time  prior  to  mixing  was 
24  h),  with  qualitatively  similar  but  quantitatively  different 
results.  These  authors  allowed  the  individual  subunits  to 
refold  at  4  *C  and  found  no  loss  in  the  ability  of  the  refolded 


a  subunit  of  V.  harveyi  (then  called  "MAV”)  luciferase  to 
interact  with  d  and  only  about  a  32%  decrease  in  the  ability 
of  the  refolded  d  subunit  to  interact  with  a.  Presumably,  the 
apparent  difference  in  the  rates  of  the  ai  — •  a,  and  d>  — '  d, 
conversions  between  our  present  results  and  those  of  Gunsa¬ 
lus-Miguel  et  al.  (1972)  is  due  to  the  temperature  difference: 
the  reactions  appear  to  be  quite  slow  at  18  °C  (present  results) 
and  to  occur  even  more  slowly  at  4  ’C  (Gunsalus-Miguel  et 
al.,  1972). 

The  structures  of  the  heterodimer  assembly-incompetent 
forms  of  the  luciferase  subunits,  a,  and  d..  are  of  great  interest 
but  beyond  the  scope  of  the  experiments  reported  here.  We 
have  investigated  the  circular  dichroism  spectra  of  the  sepa¬ 
rately  folded  subunits  and  find  that  both  have  well  defined 
spectra  in  both  the  far  ultraviolet  and  the  near  ultraviolet, 
inH;p«ting  that  they  have  folded  into  well  defined  structures 
with  the  aromatic  side  chains  packed  into  chiral  environments 
(data  not  shown).  A  detailed  investigation  and  interpretation 
of  these  observations  will  require  much  additional  experimen¬ 
tation. 

Our  results  suggest  that  the  folding  of  the  luciferase  is 
similar  in  certain  respects  to  the  folding  of  proteases  such  as 
subtilisin  (Zhu  et  aL,  1989;  Ohu  et  al.,  1991)  and  the  a-lytic 
protease  (Silen  and  Agard,  1989;  Baker  et  al.,  1992),  as  well 
as  the  serpin  plasminogen  activator  inhibitor  (Carrell  et  al., 
1991;  Mottonen  et  oL,  1992).  The  correct  folding  of  the  pro¬ 
teases  requires  interaction  with  the  propolypeptide,  either  in 
cis  or  in  trans  (Zhu  et  oL,  1989;  Silen  and  Agard,  1989;  Silen 
et  al.,  1989).  These  proteases  appear  to  fold  to  a  stable  but 
'mactive  conformation,  requiring  interaction  with  the  propol¬ 
ypeptide  to  be  converted  to  the  active  conformation.  For  the 
a-lytic  protease,  the  activation  banier  between  the  two  con¬ 
formations  has  been  estimated  to  be  27  kcal/mol  (Baker  et 
oL,  1992).  A  similar  process  has  been  reported  for  plasminogen 
activator  inhibitor-l,  which  foLj  i.  o  an  active  conformation, 
but  then  slowly  is  converted  ini.w  an  inactive  hyperstable 
species,  apparently  through  the  insertion  of  a  stretch  of  poly¬ 
peptide  into  a  0  sheet  to  yield  a  structure  of  enhanced  stability 
(Carrell  et  al,  1991;  Mottonen  et  aL,  1992).  The  0  subunit  of 
bacterial  luciferase  appears  to  be  similar  to  the  serpin  in  that 
it  folds  into  an  assembly-competent  species  that  slowly  con¬ 
verts  into  an  assembly-incompetent  form.  The  0  subunit  is 
similar  to  the  proteases  as  well,  in  that  it  appears  to  be  the 
interaction  with  the  a  subunit  that  converts  it  into  the  bio¬ 
logically  active  form. 

We  have  separated  the  a  and  0  subunits  of  bacterial  lucif¬ 
erase  by  column  chromatography  in  5  M  urea  so  that  we  could 
study  the  effects  of  varying  the  concentrations  of  each  in 
refolding  experiments  in  which  we  measured  the  recovery  of 
bioluminescence  activity.  The  results  of  our  experiments  dem¬ 
onstrate  the  following.  1)  The  lag  in  recovery  of  activity, 
described  in  the  experiments  of  Ziegler  et  al.  (1993)  is  due  to 
first-order  steps  in  the  refolding  of  both  subunits  prior  to 
formation  of  the  dimerization  competent  species.  2)  The  rate 
of  refolding  of  0  is  faster  than  the  rate  of  refolding  of  a.  3) 
The  rates  of  formation  of  the  heterodimerization-incompetent 
species,  o,  and  di.  indeed  quite  slow,  with  half-times  of 
hours.  4)  The  heterodimerization-incompetent  species  that 
form  in  vivo  (observed  by  Waddle  et  al.(1987))  also  form  upon 
refolding  in  vitro. 
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Folding  of  Bacterial  Luciferase  Involves  a  Non-native  Heterodimeric 
Intermediate  in  Equilibrium  with  the  Native  Enzyme  and  the  Unfolded 
Subunits* 
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Bacterial  luciferase  is  a  heterodimeric  enzyme  that 
catalyzes  the  reaction  of  reduced  FliOi,  Os  and  an 
aliphatic  aldehyde  to  yield  the  carboxylic  acid  and  an 
excited  flavin  that  emits  blue>green  light  upon  return 
to  ground  state.  The  two  subunits  of  the  luciferase  from 
Vibrio  harvoyi,  a  and  d,  have  molecular  weights  of 
40,108  and  36,349,  respectively;  the  single  active  cen¬ 
ter  resides  primarily,  if  not  exclusively,  on  the  a  sub¬ 
unit. 

We  have  found  that  bacterial  luciferase  can  be  un¬ 
folded  in  urea-containing  SO  uui  phosphate  buMdr,  pH 
7.0,  and  refolded  by  dilution  of  the  urea  with  final 
luciferase  concentrations  of  S-25  ng/ml.  We  have  ana¬ 
lyzed  the  urea-induced  equilibrium  unfolding  of  bac¬ 
terial  luciferase  by  monitoring  changes  in  both  the  far 
ultraviolet  circular  dichroism  (predominantly  second¬ 
ary  structure)  and  intrinsic  fluorescence  emission  (pre¬ 
dominantly  tertiary  structure)  resulting  from  incuba¬ 
tion  in  various  concentrations  of  urea  at  18  **€  for  18- 
24  h.  Both  spectral  methods  indicated  a  biphasic  un¬ 
folding  transition;  the  first  phase  was  protein  concen¬ 
tration-independent,  whereas  the  second  phase  was 
protein  concentration-dependent.  Equilibrium  unfold¬ 
ing  curves  showed  an  increase  in  fluorescence  op  to  2 
M  urea  followed  by  a  decrease  in  intensity  and  red  shift 
of  the  emission  maximum.  The  ratio  of  the  fluorescence 
emission  in  the  presence  of  2  M  urea  relative  to  that  in 
the  absence  of  urea  was  greater  when  fluorescence  was 
excited  at  296  nm  than  at  280  nm.  The  fluorescence 
increase  in  the  0-2  M  urea  range  correqwnded  to  the 
first  phase  of  the  biphasic  unfolding  process.  The  urea- 
induced  loss  of  luciferase  enzymatic  activity  speared 
to  correspond  to  the  first  traction  observed  with  the 
spectroecopic  methods,  and  likewise  to  be  protein  con¬ 
centration-independent.  These  observations  suggested 
a  three-state  unfolding  mechanism  in  which  the  native 
heterodimeric  ensjrme  rearranges  to  an  inactive  het- 
erodimeric  species  that  is  well  populated,  followed  by 
dissociation  and  uaMdlag  of  the  a  and  0  subunits.  The 
data  were  fit  to  a  three  state  mechanism  using  a  non¬ 
linear  least  squares  method.  At  18  *C  in  60  mM  phos¬ 
phate,  pH  7.0,  the  free  energy  change  for  the  intercon- 
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version  of  the  active  heterodimer  and  the  inactive  het¬ 
erodimeric  species  was  estimated  to  be  4.52  ±  0.30 
kcal/mol;  the  free  energy  change  for  the  interconver¬ 
sion  of  the  inactive  heterodimer  and  the  individual 
subunits  was  19.7  ±  0.2  kcal/mol.  These  measurements 
demonstrate  that  the  equilibrium  unfolding  of  bacte¬ 
rial  luciferase  proceeds  through  a  well  populated  in¬ 
active  heterodimeric  species  that  appears  to  be  par¬ 
tially  unfolded  and  are  consistent  with  the  observation 
(Ziegler,  M.  M.,  Goldberg,  M.  E.,  Chaffotte,  A.  F.,  and 
Baldwin.  T.  O.  (1993)  J.  Biol.  Chem.  268,  10760- 
10765)  of  an  inactive  heterodimeric  interme^ate  that 
forms  from  the  individual  subunits  and  precedes  the 
active  heterodimeric  enzyme  on  the  refolding  pathway. 


Extensive  investigations  of  many  small  globular  proteins 
have  yielded  detailed  information  concerning  the  thermody¬ 
namics  and  kinetics  of  folding  (see  Creighton  (1990),  Dill 
(1990),  Kim  and  Baldwin  (1990),  and  Jaenicke  (1991),  for 
recent  reviews).  Most  proteiiu  are  only  marginally  stable,  and 
in  many  cases,  folding  can  be  approximated  by  a  two-state 
model  in  which  only  the  native  or  the  unfolded  protein  can 
be  found  in  significant  quantities  (Pace  et  oL,  1^1;  Shortle 
€t  oL,  1990;  Serrano  et  oL,  1990;  Chen  and  Schellman,  1989; 
Pakula  and  Sauer,  1989;  Bowie  and  Sauer,  1989).  However, 
intermediates  on  the  folding  pathway  have  been  detected  for 
both  small  and  large  polypeptides  (Fuchs  ettd.,  1991;  Hughson 
et  oL,  1991;  Zetina  and  (Goldberg,  1980;  Hurle  et  aL,  1987; 
Touchette  et  oL,  1986;  Tandon  and  Horowitz,  1986;  ^rden 
and  Richards,  1990).  If  the  long  term  goal  of  protein  folding 
studies  is  the  prediction  of  the  tertiary  structure  of  a  protein 
&om  the  primary  sequence,  then  detailed  information  con¬ 
cerning  the  existence  and  structures  of  even  transient  inter¬ 
mediates  is  crucial  and  generally  lacking.  Models  based  mainly 
on  studies  of  small  globular  proteiiu  may  not  fully  explain 
the  folding  and  assembly  of  larger  multidomain  or  multisub¬ 
unit  proteiiu. 

For  these  and  related  reasons,  we  have  begun  to  study  the 
folding  of  bacterial  luciferase,  a  heterodimer  consisting  of  two 
dissimilar  subunits,  a  and  0,  with  molecxilar  weights  of  40,108 
and  36,349,  respectively,  for  the  subunits  of  the  enzyme  from 
VUirio  harveyi  (Cohn  et  oL,  1985;  Johnston  et  oL,  1986). 
Bacterial  luciferase  is  a  flavin  monooxygenase  that  yields  a 
quantum  of  light  as  a  product  of  the  enzymatic  reaction  (for 
reviews  of  the  system,  see  Ziegler  and  Baldwin  (1981)  and 
Baldwin  and  Ziegler  (1992)).  The  overall  reaction  is  FMNH2 

ECHO  +  0t-*  FMN  +  RCOOH  +  HjO  -t-  Ught,  where 
FMNH2  is  reduced  flavin  mononucleotide,  RCHO  is  long 
chain  aldehyde,  typically  n-decyl  aldehyde,  and  RCOOH  is 
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the  cormponding  long  chain  fatty  acid  Measuring  the  inten¬ 
sity  of  emitted  light  allows  rapid  and  sensitive  analysis  of 
enzymatic  activity  over  a  wide  range  of  protein  concentra¬ 
tions.  This  assay  has  been  used  extensively  to  monitor  pro¬ 
duction  of  active  luciferase  in  vivo  and  in  vitro  (Baldwin  and 
Ziegler,  1992).  The  luciferase  assay  is  uniquely  sensitive  and 
well  suited  to  such  investigations. 

The  genes  encoding  the  a  and  /3  subunits  of  bacterial 
luciferase  from  V.  harveyi  have  been  cloned  and  expressed  in 
£.  coli  (Cohn  et  oL,  19^;  Baldwin  et  oL,  1984;  Belas  et  oL, 
1982),  and  the  amino  acid  sequences  of  the  subunits  are  known 
(Cohn  et  oL,  1985;  Johnston  et  ol,  1986).  Since  bacterial 
luciferase  is  a  heterodimer  and  the  genes  encoding  the  a  and 
d  subunits  (UtxA  and  luxB,  respectively)  may  be  expressed 
together  or  individually,  the  presets  of  folding  of  the  indi¬ 
vidual  subunits  may  be  studied  in  the  absence  of  formation 
of  the  heterodimer  (Waddle  et  oL,  1987;  Waddle  and  Baldwin, 
1991;  Sinclair  et  ai.,  1993).  The  individual  subunits  and  the 
heterodimer  have  been  overexpressed  and  purified  in  large 
quantities  (Baldwin  et  aL,  1989;  Sinclair  et  oL,  1993),  and  the 
system  is  amenable  to  mutagenesis  (Baldwin  et  oL,  1989; 
Sugihara  and  Baldwin,  1988;  Chen  and  Baldwin,  1989;  Chlum- 
sky  et  aL,  1991).  There  is  no  posttranslational  moi^cation 
of  the  luciferase  subunits,  and  the  enzyme  is  not  prone  to 
aggregation  (Baldwin  and  Ziegler,  1992).  Because  of  these 
features,  bacterial  luciferase  appears  to  be  an  ideal  protein 
with  which  to  study  the  basic  properties  of  the  folding  and 
assembly  of  multisubunit  enzymes. 

By  measuring  the  kinetics  of  the  overall  refolding  reaction 
by  which  subunits  diluted  from  5  M  urea  refold  and  assemble 
into  the  active  heterodimeric  enzyme,  we  have  shown  that  on 
a  time  scale  of  a  few  minutes,  the  individual  subunits  assume 
conformations  that  are  competent  for  hetetodimer  formation 
(Ziegler  et  aL,  1993;  Baldwin  et  oL,  1993).  At  low  concentra- 
tioiu  of  subunits,  heterodimer  assembly  appears  to  be  rate¬ 
determining,  whereas  at  higher  protein  concentrations,  the 
rate-determining  step  is  independent  of  protein  concentration 
and  appears  to  comprise  a  rearrangement  of  an  inactive 
heterodimeric  species  into  the  active  ad  structure.  The  results 
of  these  studies  confirmed  our  earlier  proposal,  based  on 
luciferase  subunit  folding  in  vivo  (Waddle  et  of.,  1987),  that 
the  luciferase  subunits  interact  as  partially  folded  intermedi- . 
ates  to  form  the  heterodimer,  subunits  t^t  do  not  interact  * 
(or  cannot  interact  due  to  their  synthesis  in  different  cells) 
fold  into  stable  structures  that  cannot  interact  upon  mixing, 
even  with  prolonged  incubation. 

In  this  paper,  we  describe  the  urea-induced  unfolding  of 
bacterial  luciferase  monitored  at  equilibrium  using  enzyme 
activity  and  spectroscopic  probes  that  are  sensitive  to  protein 
secondary  and  tertiary  structure.  Bacterial  luciferase  contains 
8  tryptophanyl  residMa,  6  in  the  a  subunit  and  2  in  the  0 
subu^t  (Cohn  et  aL,  1966;  Johnston  et  oL,  1986).  We  have 
monitored  fluorescence  emission  with  excitation  either  at  295 
nm,  which  excites  primarily  tryptophanyl  residues,  or  at  280 
nm,  which  allows  excitation  of  both  tyrosinyl  and  trypto¬ 
phanyl  residues.  We  have  also  monitored  circular  dichroism 
at  222  nm  and  enzymatic  activity  over  a  range  of  protein 
concentration.  The  data  presented  demonstrate  that  the  un¬ 
folding  of  bacterial  luciferase  occurs  by  a  multistep  process 
that  includes  as  a  minimum  an  inactive  heterodimeric  species 
as  a  folding  intermediate  that  is  well  populated  at  equilibrium 
between  1.6  and  2.8  M  urea. 

EXPERIMENTAL  PROCEDURES 

Afotenolt— Ultra- Pure  urea  was  purchased  from  Schwarz/Mann. 
Dithiothreitol  and  Tween  20'  were  obtained  from  Boehringer  Mann- 


'  The  abbreviation  used  is:  Tween  20.  polyioxyethyleneim-sorbitan 
monolaurate. 


lieim,  and  NaHtP04  and  KtHPO»  were  from  J.  T.  Baker.  All  other 
chemicals  were  reagent-grade.  Bacterial  luciferase  was  isolated  from 
E.  coti  LE392  carrying  the  plaamid  pLAVl  as  described  previously 
(Baldarin  et  aL,  1989)  and  was  judged  greater  than  95%  pure  by  SDS- 
polyacryiamide  gel  electrophoresis  analysis  (Laemmli,  1970). 

Stock  Solutions— Una  stock  solutions  (10  M),  prepared  as  de¬ 
scribed  previously  (Pace  et  ai,  1989)  in  a  buffer  of  50  mM  NaHiPO,/ 
K1HPO4,  pH  7.0  (±0.02),  1  mM  dithiothreitol,  and  0.005%  Tareen  20, 
were  prepared  daily  for  each  experiment  and  filtered  (0.22-«im  pore) 
prior  to  use.  The  urea  concentration  of  each  stock  solution  was 
calculated  by  weight  and  by  refractive  index  (Pace  et  ai,  1989),  and 
solutions  were  used  only  if  these  two  values  differed  by  less  than  1%. 
This  buffer  solution  without  utm  is  referred  to  below  as  'phosphate 
buffer." 

Equilibrium  Unfolding  Curvet — All  equilibrium  unfolding  experi¬ 
ments  in  urea  were  performed  as  described  by  Pace  et  aL  (1989). 
Briefly,  stock  protein  solutiotw  were  prepared  in  phosphate  buffer  to 
be  10  times  the  desired  final  protein  concentration.  Phosphate  buffer, 
urea  from  the  10  M  stock  solution,  and  200  iil  of  stock  protein  solution 
to  give  a  final  volume  of  2  ml  were  added  to  2  ml  siliconized  Eppendorf 
tubes  (National  Scientific  Supply).  This  yielded  final  urea  concentra¬ 
tions  of  0-6  M  and  the  final  protein  concentrations  indicated  in  the 
figure  legends.  Each  sample  was  mixed  by  vortezing  and  incubated 
in  a  water  bath  at  18  *C  for  a  minimum  of  18  h. 

For  renaturation  experiments,  protein  was  denatured  in  2  ml 
siliconized  Eppendorf  tubes  that  contained  phosphate  buffer  and  10 
H  stock  urea  such  that  when  the  protein  was  added,  the  final  urea 
concentration  was  6  M  and  the  protein  concentration  was  10  times 
the  desired  final  concentration  used  in  the  experiment.  After  incu¬ 
bation  for  1  h  at  18  *C,  200  nl  of  denatured  protein  was  added  to 
tubes  containing  phosphate  buffer  and  urea  such  that  the  final  volume 
was  2  mi,  and  the  final  urea  and  protein  concentrations  were  as 
indicated.  Bach  sample  was  mixed  by  vortexing  and  was  incubated 
for  a  minimum  of  18  h  at  18  ’C. 

Fluorescence  emission  at  each  denaturant  concentration  was  meas¬ 
ured  using  an  SLM-Aminco  8OOOC  spectrofluorometer,  the  signal  was 
atwraged  for  50  s.  AU  measurements  were  corrected  for  background 
signal.  Circular  dichroism  was  measured  using  a  Jasco  J600A  spec- 
tropolarimeter  using  either  a  5-  or  10-mm  cell.  The  CD  signal  was 
averaged  for  60  s  using  a  program  created  in  the  Microsoft  Quickbasic 
environment  by  J.  F.  Sinclair.  Both  instruments  were  equipped  with 
tbermostatted  cell  holders,  and  temperature  was  held  constant  at 
18  'C  (±0.1  *C)  using  a  circulating  water  bath. 

Activity  Measurements— Bioluminescence  activity  was  measured 
using  the  FMNHj  injection  assay  (Baldwin  and  Zi^er,  1992;  Has¬ 
tings  et  oL,  1978)  and  a  Turner  Designs  TD-20e  luminometer.  Assay 
vials  were  maintained  at  18  *C  using  a  circulating  water  bath.  Samples 
for  activity  measurements  in  urea-containing  buffers  were  incubated 
in  urea  for  a  minimum  of  18  h  at  18  *C;  a  1-ml  aliquot  was  used  for 
each  assay,  and  a  minimnin  of  three  assays  were  performed  at  each 
urea  concentration. 

Data  Ana^is— Experimental  data,  collected  as  described  above, 
could  not  be  reconciled  with  a  simple  two-state  mechanism.  We 
therefore  developed  a  three-state  treatment  with  which  all  of  the  data 
were  satisfactorily  analyzed.  In  developing  this  mechanism,  several 
assumptions  were  made.  First,  we  assumed  a  single  heterodimeric 
intermediate  in  equilibrium  sdth  the  native  enzyme  and  the  unfolded 
subunits.  That  is,  we  assumed  the  three-state  mechanism 


[ad]N  ^  [adli  «*  a  -f  /S  (Eq.  1) 

in  which  the  protein  is  assumed  to  be  in  either  the  native  heurodi- 
meric  state  (N),  a  non-native  dimeric  state  (I),  or  in  the  unfolded 
monomeric  state  (a  -f  0).  If  we  set  the  molar  concentration  of  the 
native  heterodimer  (odls  ~  (N]t  when  all  the  protein  is  native,  we 
may  define  the  mole  fraction  of  each  species  as 
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(Eq.  3) 
(Eq.  4) 


where  fs  =»  mole  fraction  in  the  native  state.  A  =  mole  fraction  in  the 
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inunstdiau  heurodimehc  suw.  and  fa  «  mole  fraction  in  the 
subunit  state.  Note  that 

/n  +  /i  +  /s  -  1  (Eq.  5> 

The  equilibrium  constants.  X,  and  Kt.  are  then  related  to  the  mole 
fraction  of  each  species  present  and  the  total  concentration  of  protein 
1N)t  by  Equations  6  and  7. 

K,  -  ^  (Eq.  6) 


where  /n,  /i,  and  fa  represent  the  fraction  of  the  protein  that  is  in  each 
form  at  equilibrium.  Note  that  when  [a]  -  [N]t  >  [d|,  fa  *  1. 

By  rearranging  and  combining  Equations  5  and  6,  the  following  is 
obtained. 

Using  Equatioiu  5-8.  it  is  possible  to  solve  for  the  mole  fraction  of 
each  speciM  present  at  equilibrium  in  terms  of  the  tot^  protein 
concentration.  Nt.  and  the  two  equilibrium  coiutants.  Ki  and  /ft. 
Substituting  Equation  8  into  Equation  7  and  solving  for  fa  yields 
Equation  9. 

,  -/f,/f,  +  v'(/f,/f,)«  +  4IN]t<1  +  /f,)(if,/f,) 

- 2(Nlril-H/f.) - 

Substituting  Equation  9  into  Equation  8  yields  the  following  equation. 

A  -  K  ~  +  «|N1tU  +  K,nK,K,)\ 

'I  2(NMl  + /f.)*  I 

(Eq.  10) 

Finally,  substituting  Equation  10  into  Equation  6  yields  Equation  11. 
_  2(N1t(1  +  Kx)  +  KiKt  -  V(ff,Kt)*  +  4IN1t<1  +  K,)(Kt/f,) 
21N1t(1  +  Ki)* 

(Eq.  11) 

From  Equations  6, 7,  and  9-11  and  the  relationship 

-  -RT  ln(/C.,)  (Eq.  12) 

where  A  is  the  gas  constant  and  T  is  the  temperature  in  K.  one  may 
calculate  the  equilibrium  constant  and  the  vdue  of  ^  at  each  urea 
concentration.  We  assumed  the  free  energy  change  for  each  step  in 
the  reaction  to  be  linearly  dependent  on  denaturant  concentration  as 
described  previously  (Thomson  et  aL,  1989)  (Equations  13  and  U). 

Mil  -  mi(denaturant]  (Eq.  13) 


Mtt  >  Mif'f’  -  mjdenaturant]  (Eq.  14) 

where  and  .5GP''*  an  the  free  energy  changes  in  the  abaence  of 
denaturant  conespondiag  to  slaps  Ki  and  1ft.  respectively,  and  mt 
and  mt  are  the  cooperatMty  inchoea  associated  with  each  st^.  The 
amplitude  of  the  spectroacopic  signal  detenninad  at  each  urea  con¬ 
centration  was  assumed  to  be  a  linsar  combination  of  tlw  fractional 
contribution  from  each  spaciea  (Equation  15). 

y  *  FhAi  +  Fl/1  +  Ytfa  (Eq.  15) 


where  Fn,  Fi.  and  Ft  are  the  anqrlitudes  of  the  signals  for  the 
respective  species.  Note  that  no  distinction  was  made  for  the  signal 
from  the  a  and  the  d  subunit.  The  amplitudes  associated  with  the 
native  and  unfolded  forms  of  the  protein  were  asaumed  to  be  linearly 
dependent  on  urea  concentration  such  that 


Fn-  *■  mdurea] 


Ft  w  Fs-  +  m^urea] 


(Eq.  16) 


(Eq.  17) 


where  Fn-  and  Fs-  are  the  amplitudes  of  the  signals  in  the  absence  of 
urea  for  the  native  and  unfolded  species,  respectively,  and  m,  and  rm 


are  the  slopes  that  describe  the  dependence  of  the  amplitudes  for 
native  and  unfolded  protein,  respectively,  on  urea  concentration. 

Nonlinear  least  squares  fitting  of  the  data  to  these  equations 
stnptoyed  a  Macintosh  version  of  Nonlin  (Robellto  Software.  Carbon- 
dale,  IL;  see  Johnson  and  Frasier  (198511  to  determine  the  eight 
unknown  parameters,  .iG?*®,  mi,  m,,  ms,  m.,  Fi,  and  Fs,  from 
each  unfolding  curve.  The  value  of  Fn-,  determined  in  the  abaence  of 
urea,  was  not  allowed  to  vary  during  the  fitting  process.  Nonlinear, 
least  squares  fits  of  measurements  of  enzyme  activity  in  the  presence 
of  urea  srere  done  uaing  a  simple  two-state  transition  model  (Santoro 
and  Bolen,  1988)  with  the  program  Kaleidagraph  (Synergy  Software, 
Reading.  PA). 

Error  AnaHytit — Equation  15  (and  associated  definitions)  and  the 
average  values  of  m,,  m,.  .iGl^,  and  AG?>“  from  Table  I  were  used 
to  calculate  a  ’Tierfect”  data  set.  To  determine  if  these  parameters, 
extracted  by  fitting  experimental  data  to  Equation  15,  represented  a 
global  minimum  in  the  fitting  procedure,  random  error  was  introduced 
into  the  calculated  data,  and  the  initial  estimates  of  the  four  param¬ 
eters  srere  varied  in  separate  experiments.  The  data  could  withstand 
appioxinrately  15%  error  srithout  divergence  from  the  original  values 
of  mi,  mj,  aGI*^,  and  AC?'®  during  the  fitti^  procedure.  Likewise, 
the  initial  estimates  of  mi,  mj,  MS'i^,  and  AGJ^  were  varied  individ¬ 
ually  and  in  groups  of  two  or  more.  These  parameters  could  be  varied 
by  about  ±7%  aiul  the  fitting  routine  still  converged  on  the  values  of 
tite  parameters  used  to  calculate  the  perfect  data.  These  two  tests 
demorutrated  that  the  avera^  values  of  mi,  mi,  AGf*”,  and  Mit^  in 
Table  I  represent  global  minima  in  the  nonlinear  least  squares  fit  of 
the  experimental  data  to  Equation  15.  To  estimate  the  error  in  these 
parameters,  error  eras  intr^uced  into  the  calculated  data  and  the 
irtitisd  estimates  of  the  four  parameters  simultaneously.  Random  error 
of  3,  5,  and  7%  was  intr^uced  into  the  calculated  data  set:  the 
teskhials  of  the  data  in  Figs.  2  and  3  fit  to  Equation  15  showed  about 
4%  variance  (not  shown).  The  initial  estimates  of  mi,  mi,  AGS**",  and 
AGi'*'*  were  again  varied  up  to  ±10%.  Evaluation  of  the  variance  in 
the  valim  of  mi,  m*,  AGl*^,  and  AG?*®  that  were  determined  from 
the  varioua  initial  estimates  of  these  parameters  and  the  error- 
containing  calculated  data  set  suggest^  that  the  error  in  these 
parameters  presented  in  Table  I  is  leas  than  6%. 

RESULTS 

Denaturation  of  Luciferase — The  spectral  changes  associ¬ 
ated  with  the  denaturation  of  luciferase  were  studied  by 
fluorescence  and  circular  dichroism.  As  shown  in  Fig.  1,  native 
luciferase  had  a  fluorescence  maximum  at  about  330  nm  that 
was  decreased  and  red-shifted  to  approximately  345  nm  upon 
treatment  with  6  M  urea.  At  intermediate  urea  concentrations, 
the  fluorescence  emission  spectra  were  not  intermediate  be¬ 
tween  the  native  spectrum  and  that  in  6  M  urea.  As  shown  in 
Fig.  IB,  the  emission  inteiuity  increased  in  2  M  urea  when 
excitation  was  at  295  nm,  whereas  emission  increased  only 
slightly  when  excitation  was  at  280  nm  (Fig.  L4 ).  In  the  range 
of  0-2  M  urea,  the  fluorescence  intensity  increase  was  not 
accompanied  by  a  large  red  shift.  Above  -2  M  urea,  the 
fluorescence  intensity  decreased  and  the  spectral  maximum 
shifted  to  longer  wavelengths.  The  maximum  difference  in 
fluorescence  between  the  native  and  denatured  protein  oc¬ 
curred  at  about  324  nm,  so  in  subsequent  experiments  in 
which  fluorescence  emission  was  to  be  monitored,  the  emis¬ 
sion  wavelength  was  324  nm. 

The  circular  dichroism  spectrum  of  native  luciferase  in  the 
far  UV  is  suggestive  of  a  high  a-helical  content  (Cohn  et  aL, 
1985;  Johnston  et  oL,  1986;  Ziegler  et  aL,  1993),  and  the  near- 
UV  spectrum  is  indicative  of  defined  packing  of  the  aromatic 
side  chains  (Ziegler  et  aL,  1993).  Upon  denaturation,  both  far- 
UV  and  near-UV  signals  show  a  large  change  due  to  loss  of 
both  secondary  structure  and  tertiary  structure  (Ziegler  et  oL, 
1993).  The  fluorescence  and  CD  spectral  data  indicate  that 
luciferase  was  largely  unfolded  in  the  presence  of  6  M  urea, 
50  mM  phosphate,  pH  7.0.  Protein  unfolded  in  6  M  urea  was 
shown  to  be  at  equilibrium  by  monitoring  fluorescence  emis¬ 
sion  (excitation,  280  nm)  at  324  nm  and  CD  at  222  nm  for  2 
h  (not  shown).  Circular  dichroism  and  fluorescence  measure- 
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Fig.  1.  FlnorMeence  emiMloB  apaetr*  of  boetorial  Ineifer* 
earn  in  dlffeniit  coaceiitratiaiia  of  oreo.  A,  ezciution  at  280  nm. 
B,  excitation  at  295  nm.  Lueiferaae  samples  (25  Mg/mi)  were  incubated 
for  18  h  at  urea  concentrations  as  follows:  0  m  (O),  2  M  (■),  3  M  (0). 
4  M  (A),  and  6  M  (x). 


Fig.  2.  Noncoineidoace  of  eqnlUbrlmBOBfoldiac  data.  Urea 
induced  unfolding  of  luciforaae  (25  ag/ml)  was  measured  by  CD  at 
222  nm  (A)  and  ^  fluotaacanca  amission  at  324  nm  with  excitation 
at  either  280  nm  O  or  296  nm  (O).  Clottd  tymboU  represent 
reiutured  protein  to  show  reearsibility.  £i7or  bars  show  the  standard 
deviation  from  four  unfbldiaf  curvea.  For  clarity,  error  bars  are  not 
shown  for  the  other  data  asts.  Solid  tines  represent  curve  fits  as 
dsscrihed  under  “Experimental  Procedures.” 

manta  ware  made  about  30  a  after  introduction  of  the  protein 
into  the  denaturant;  it  appeared  that  the  unfolding  process 
was  complete  within  the  time  required  to  manually  mix  the 
sample  and  introduce  it  into  the  spectropolarimeter. 

Equilibrium  Unfolding  of  Lucifenue—Tbe  unfolding  of  lu- 
ciferaae  at  equilibrium  was  investigated  by  monitoring  circular 
dkhroism  at  222  nm  and  intrinsic  fluorescence  emusion  at 
324  nm.  Fig.  2  shows  typical  unfolding  curves  for  lueiferaae. 
With  excitation  either  at  280  or  295  nm,  there  was  an  increase 
in  fluorescence  between  0  and  2  M  urea  (see  also  Fig.  1). 
Excitation  at  295  nm  gave  a  higher  relative  signal  change 
than  did  excitation  at  280  nm  (approximately  50%,  as  com¬ 


pared  with  approximateiy  20%  with  exciution  at  280  nm  at 
this  protein  concentration).  Fig.  2  also  shows  the  correqxind- 
ing  equilibrium  unfolding  curve  monitored  by  ci^anges  in  CD 
at  222  nm.  The  reduction  in  secondary  structurr:  appeared  to 
be  biphasic.  The  first  phase  of  unfolding,  between  0  and  2  M 
urea,  corresponded  to  tbe  fluorescence  increase  shown  in  Fig. 
2.  The  fluorescence  emission  spectrum  of  the  luciferase  in  2 
M  urea  suggested  that  the  tryptcgihanyl  residues  remained 
buried  (see  Fig.  1).  These  results  are  consistent  with  the 
existence  of  stable  intermediates  in  equilibrium  with  the 
native  and  unfolded  forms.  The  error  bars  in  Fig.  2  show  the 
standard  deviation  obtained  from  four  denaturation  curves  at 
25  (ig/ml  luciferase  performed  on  separate  days,  demonstrat¬ 
ing  that  the  data  were  highly  reproi^ible. 

Ef^t  of  Tween  20  on  the  Unfolding  Transition— In  order 
to  obtain  maximum  refolding  of  luciferase  under  all  conditions 
tested,  a  smaU  amount  (0.005%)  of  Tween  20  was  included  in 
the  buffer  and  urea  solutions  (see  “Experimental  Proce¬ 
dures”).  In  reconstitution  experiments  (not  shown)  in  which 
protein  denatured  in  6  M  urea  was  diluted  1:50  into  phosphate 
buffer  and  allowed  to  refold,  greater  than  85%  activity  recov¬ 
ery  was  obtained  in  the  protein  concentration  range  of  5-25 
Mg/ml  when  Tween  20  was  included  in  the  phosphate  buffer. 
In  analogous  experimenu  without  Tween  20,  only  25  ag/ml 
protein  gave  greater  than  85%  activity  recovery,  lliere  was  a 
dramatic  decrease  in  activity  recovery  both  below  and  above 
the  protein  concentration  range  of  ^25  ag/ml,  even  in  the 
presence  of  Tween  20.  At  higher  protein  concentrations,  the 
reduced  yield  has  been  attributed  to  aggregation,  whereas  at 
lower  concentrations,  the  dimerization  process  aniears  to  be 
compromised  by  the  competing  first-order  folding  of  the  sub¬ 
units  into  dimerization-incompetent  structures  (Ziegler  et  oL, 
1993;  Baldwin  et  aL,  1993).  The  protein  concentration  range 
of  5-25  Mg/mlt  within  which  the  activity  recovery  is  optimal, 
was  used  in  the  experiments  reported  here.  Tlie  effect  of 
Tween  20  on  the  equilibrium  unfolding  of  luciferase  was 
minimal  (data  not  shown).  There  was  a  larger  effect  on 
reversibility  at  lower  protein  concentrations  than  at  higher 
concentrations  as  measured  by  activity  recovery,  suggesting 
that  the  detergent  may  act  primarily  to  prevent  protein  from 
sticking  to  the  incubation  tubes.  Because  there  was  little 
apparent  effect  on  protein  stability  and  because  of  enhanced 
reversibility  at  the  lower  protein  concentrations,  we  used 
0.005%  Tween  20  in  the  buffer  and  urea  solutions. 

Effect  of  Luciferase  Concentration  on  the  Unfolding  Tran¬ 
sition — Because  bacterial  luciferase  is  a  heterodimer,  it  was 
of  interest  to  determine  the  concentration  dependence  of  the 
equilibrium  unfolding  process.  As  shown  in  Fig.  3,  A  and  B, 
as  the  luciferase  concentration  increased,  there  was  both  a 
shift  in  the  position  of  the  midpoint  of  the  second  transition 
to  higher  denaturant  concentration  and  an  increase  in  relative 
fluorescence  signal  between  2  and  3  M  urea.  Measurement  of 
relative  CD  at  222  nm  (Fig.  3C)  showed  that  the  first  transi¬ 
tion  was  independent  of  protein  concentration,  whereas  the 
second  transition  was  apparent  only  at  higher  protein  concen¬ 
trations.  Since  luciferase  is  heterodimeric  in  the  absence  of 
urea,  tbe  insensitivity  of  the  spectroscopic  signals  to  changes 
in  protein  concentration  in  the  0-2  M  urea  region  suggests 
that  the  changes  in  the  protein  that  occur  upon  equilibration 
with  urea-containing  buffer  in  this  concentration  range  do 
not  involve  subunit  dissociation.  In  contrast,  the  spectro¬ 
scopic  signals  showed  a  strong  protein  concentration  depend¬ 
ence  at  urea  concentrations  greater  than  2  M,  suggesting  that 
tbe  spectroscopic  changes  reflect,  at  least  in  part,  subunit 
dissociation.  The  results  shown  in  Fig.  3  suggest^  the  3-state 
mechanism 
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Fig.  3.  Oepeadvnc*  of  eqailibriain  onfoldiac  of  boctoriol 
lociforaae  on  protein  concentration,  fot  panels  A  and  B,  unfold¬ 
ing  waa  monitond  by  fluoieacence  amisaion  at  324  nm  with  excitation 
at  either  280  nm  (panel  A)  or  295  nm  (panel  B),  at  protein  concen- 
trationa  of  5  itg/nal  (0),  10  (tg/ml  (A),  15  ^ml  O.  and  25  iig/ml 
<0).  For  panel  C,  unfolitog  waa  monitored  by  CD  at  222  nm  at  protein 
concentrations  of  10  ^ml  (A)  and  25  ag/ml  (O).  Solid  lines  repreaent 
curve  fita  aa  deacribed  under  “Experimental  Proceduiea."  Parametera 
for  tbeae  fita  are  given  in  Table  I. 

[ot^}M  ^  ^  a  +  0  (Elq.  18) 

The  firee  energy  chnngee  and  the  cooperativity  indices  as¬ 
sociated  with  each  st^  were  analyzed  as  described  (see  “Ex¬ 
perimental  Procedures”)  and  are  summarized  in  Table  I. 
These  data  showed  that  is  relatively  constant  over  the 
protein  concentration  range  tested.  The  free  energy  change 
and  cooperativity  index  associated  with  the  first  step  in  un¬ 
folding  were  4.5  ±  0.3  kcal/mol  and  2.38  ±  0.21  kcal/mol/M, 
respectively,  based  on  measurements  of  tlw  circular  dicfaroism 
and  fluorescence  emission  spectra  in  11  experiments.  The  free 
energy  change  and  cooperativity  index  associated  with  the 
second  step  were  also  relatively  constant  over  the  protein 
concentration  range  studied.  AG?**’  and  mt,  which  encompass 
the  dissociation  of  the  apparent  interme^ate  into  the  two 
subunits,  showed  an  average  free  energy  change  and  cooper¬ 
ativity  index  of  19.7  ±  0.2  kcal/mol  and  3.99  ±  0.04  kcal/mol/ 
M,  respectively,  from  the  11  experiments.  The  data  in  Table 
I  confirm  that  bacterial  luciferase  is  a  very  stable  protein. 


with  a  total  free  energy  change  for  subunit  unfolding  and 
dissociation  of  approximately  24  kcal/mol.  Furthermore,  the 
relatively  high  m  values  suggest  that  the  two  steps  apparent 
in  these  data  are  strongly  cooperative. 

Loss  of  Enzymatic  Activity  upon  Unfolding— In  addition  to 
the  spectroscopic  probes  discussed  above,  we  used  enzymatic 
aaivity  to  monitor  the  denaturation  of  bacterial  luciferase. 
Samples  were  prepared  the  same  way  as  those  used  for  spec¬ 
troscopic  measurements,  aa  deacribed  under  “Experimental 
Procedures,"  at  the  same  protein  concentrations.  The  dau 
from  these  experiments  are  summarized  in  Table  II.  The 
midpoint  of  the  denaturation  profiles  occurred  at  about  1.6  M 
urea  and  was  independent  of  the  protein  concentration.  The 
values  of  AG]**"  and  m,  determined  by  fitting  the  data  to  a 
two-state  (native  versus  denatured)  mechanism,  were  4.4  ± 
0.8  kcal/mol  and  2.78  ±  0.8  kcal/mol/M,  respectively,  in 
reasonable  agreement  with  the  same  parameters  determined 
from  spectroscopic  measurements  (Table  I). 

DISCUSSION 

A  detailed  understanding  of  protein  folding  will  require  not 
only  information  about  the  structures  of  the  unfolded  and 
native  species  and  the  rates  of  their  interconversion,  but  also 
about  intermediates  on  the  folding  pathway  and  possible 
parallel  pathways.  Much  of  the  debate  today  regarding  protein 
folding  centers  on  the  question  of  the  structures  of  interme¬ 
diates  relative  to  that  of  the  native  protein.  Although  a  great 
deal  has  been  learned  about  protein  folding  from  investiga¬ 
tions  of  small  globular  proteins  or  peptides,  it  is  unlikely  that 
a  general  understanding  of  protein  folding  will  come  exclu¬ 
sively  from  investigations  of  small  model  systems.  Most  pro¬ 
teins  are  composed  either  of  multiple  subunits  or  of  multiple 
folding  domains  that  interact  in  part  through  the  covalent 
continuity  of  the  peptide  chain.  The  interactions  between 
subunits  of  a  multisubunit  protein  are  exclusively  noncovalent 
(with  the  exception  of  disulfide  bonds),  but  otherwise,  for 
many  proteins,  interdomain  interactions  and  intersubunit 
interactions  appear  to  be  similar  (Wetlaufer,  1981). 

Wetlaufer  (1981)  proposed  a  simplifying  assumption  that 
reduces  the  folding  problem  for  large  multidomain  proteins 
to  a  series  of  folding  problems  involving  the  individual  do¬ 
mains,  many  of  which  are  small  and  globular.  This  model  of 
folding  suggests  that  the  final  step  of  folding  involves  inter¬ 
calation  of  the  side  chains  of  the  interdomain  contact  residues. 
Mote  recently,  Ptitsyn  et  oL  (1990)  has  suggested  that  as  a 
protein  folds,  it  passes  through  a  series  of  intermediates 
arriving  at  a  structure  resembling  in  fold  the  structure  of  the 
native  protein,  except  that  the  amino  acid  side  chains  are  not 
properly  intercalate  either  between  or  within  individual 
domains.  This  proposed  structure,  known  as  the  molten  glob¬ 
ule  on  the  basis  of  the  fluidity  of  its  structure  and  its  globular 
shape,  slowly  converts  to  the  native  structure  as  the  final 
arrangements  of  the  amino  acid  side  chains  are  achieved.  It 
appears  likely  that  a  molten  globule-like  structure  might  exist 
as  an  intermediate  on  the  folding  pathway  of  many  proteins 
(Ptitsyn  et  aL,  1990;  Kuwajima,  1989);  this  fact  and  the 
similarity  of  the  molten  ^obule  to  the  native  structure  suggest 
that  little  will  be  learned  about  the  pathways  of  folding  by  its 
study.  Rather,  it  would  ^pear  that  detailed  investigation  of 
transient  intermediates  tlut  occur  during  the  folding  of  a 
protein  might  yield  more  valuable  information  about  the 
pathway(s)  of  folding.  To  date,  the  best  structural  information 
regarding  folding  intermediates  comes  from  studies  of  bovine 
pancreatic  trypsin  inhibitor  with  which  intermediates  have 
been  trapped  as  a  result  of  the  formation  of  disulfide  bonds 
during  refolding  (Creighton,  1978;  Weissman  and  Kim.  1991). 
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Thtrmodynamk  poraimtcrt  obtained  from  equilibrium  denotunuion  of  bacterial  luciferate 
Tb>  dau  wan  enatyted  at  dwcribxi  undr  “Obm  Aialywa.* 


(ProMio) 

Signel* 

ACir 

m. 

te/ml 

bcaUmot 

kcal/mol 

kcel/moUst 

kcal/mal/M 

25 

FI.  (250  lun) 

4.62 

19.9 

2.40 

3.97 

25 

FI.  (295  nml 

4.67 

19.8 

2.18 

4.00 

25 

CD  (222  nm) 

3.86 

20.1 

2.63 

4.08 

15 

FI.  (280  nml 

4.63 

19.7 

2.20 

3.98 

IS 

R  (295  nm) 

4.64 

19.7 

2.21 

3.99 

15 

CD  (222  nm) 

4.07 

19.4 

2.74 

3.94 

10 

R  (280  nml 

4.72 

19.7 

2.31 

3.98 

10 

FI.  (295  nm) 

4.71 

19.7 

2.20 

3.97 

10 

CD  (222  nm) 

4.33 

19.7 

2.69 

3.96 

5 

R  (280  nm) 

4.69 

19.7 

2.30 

4.04 

5 

FI.  (295  nm) 

4.73 

19.6 

2.32 

4.04 

Average 

4.52  ±  0.30 

19.7  ±  0.2 

2.38  ±  0.21 

3.99  ±  0.04 

*  FI.,  fluorMcenct;  CO,  circular  dichroisin.  The  excitation  wavelength  is  shown  in  parentheses;  the  emission  wavelength  for  all  fluorescence 
experiments  was  324  nm. 


Table  II 

Thermodynamic  paremeters  obtained  from  meaeurements  of  lost  of 
eruymatic  activity 


(Protein) 

AC"*® 

m 

ufcas* 

ut/ml 

kcal/mol 

kcal/mal/U 

M 

25 

3.70  ±  0.74 

2.35  ±  0.39 

1.6 

15 

4.10  ±  0.36 

2.28  ±  0.24 

1.8 

5 

5.30  ±  1.15 

3.71  ±  0.85 

1.4 

Average 

4.4  ±  0.8 

2.78  ±  0.8 

1.6 

Without  the  stabilizing  influence  of  the  covalent  disulfide 
bonds,  it  is  exceedingly  difficult  to  investigate  the  structure 
of  a  transient  intermediate  on  the  folding  pathway  of  a 
protein. 

Investigation  of  the  kinetics  of  refolding  of  bacterial  lucif* 
erase  following  dilution  from  solutions  of  5  M  urea  demon¬ 
strated  the  existence  of  multiple  transient  intermediates  on 
the  folding  pathway.  Of  particular  interest  was  the  finding 
that  the  initial  heterodimeric  structure  that  formed  from 
interaction  between  partially  folded  a  and  d  subunit  species 
was  not  active,  but  on  a  time  scale  of  many  seconds,  it  was 
converted  into  the  active  heterodimer  (Zie^er  et  al,  1993). 
Bacterial  luciferase  is  largely  unfolded  in  urea-containing 
buffers  of  5  M  and  above  (Fig.  1;  Ziegler  et  ai,  1993;  Baldwin 
et  aL,  1993).  We  have  established  conditions  by  which  the 
protein  may  be  diluted  from  the  urea  to  refold  into  the 
biologically  active  form.  The  reversibility  of  the  unfolding 
process  was  enhanced  slightly  by  the  addition  of  0.005% 
Tween  20  to  the  boflhta;  this  detergent,  chosen  from  a  series 
of  nonionic  detertmti  on  the  basis  of  experimental  perform¬ 
ance,  had  very  littk  efliKt  on  the  iqrparent  stability  of  the 
folded  state.  A  comparison  of  the  thennodynamic  parameters 
for  the  unfolding  reaction  determined  in  the  presence  and 
absence  of  the  detergent  is  presented  in  Table  HI.  Although 
there  appeared  to  be  slight  changes  in  the  stability  of  the 
protein  in  the  presence  of  Tween  20,  the  primary  effect  was 
to  give  more  reproducible  results,  especially  in  the  interme¬ 
diate  urea  concentration  range,  ^2-3  m. 

The  measurements  of  the  rates  of  formation  of  active 
luciferase  following  dilution  fh>m  urea  used  bovine  serum 
albumin  rather  than  Tween  20  to  enhance  recovery  (Ziegler 
et  aL,  1993;  Baldwin  et  ai,  1993).  To  avoid  spectral  interfer¬ 
ence,  the  experiments  reported  hen  employed  Tween  20 
rather  than  bovine  serum  albumin.  It  appeared  that  the  effects 
of  bovine  serum  albumin  and  Tween  20  wen  similar. 

The  equilibrium  unfolding  processes  monitored  by  intrinsic 


Table  III 

Effect  of  Tween  20  on  stability  of  bacterial  luciferase 


Sifnal* 

Tween  20 

mx 

mt 

kcal/mol 

kcal/mol 

kcal/mol/M  kcal/mol/M 

R  (280  nm) 

+ 

4.62 

19.9 

2.40 

3.97 

FI.  (280  nm) 

- 

6.26 

17.4 

2.17 

3.44 

R  (295  nm) 

+ 

4.67 

19.8 

2.18 

4.00 

R  (295  nm) 

• 

4.67 

19.7 

2.19 

4.00 

CD  (222  nm) 

+ 

3.86 

20.1 

2.63 

4.08 

CD  (222  nm) 

- 

4.15 

20.5 

2.53 

4.39 

*  FI.,  fluoiMcenM;  CD,  circular  dichroism.  Excitation  wavelength 
is  shown  in  parentheses;  the  emission  wavelength  for  each  fluores¬ 
cence  experiment  was  324  nm. 


fluorescence  and  far-UV  circular  dichroism  appeared  to  be 
biphasic.  The  increase  in  fluonscence  in  the  0-2  M  una  range 
suggested  the  existence  of  an  intermediate  that  had  a  higher 
fluorescence  quantum  yield  than  the  native  heterodimer.  The 
fluorescence  emission  spectrum  of  this  apparent  intermediate 
was  not  strongly  red-shifted,  suggesting  that  the  tryptophanyl 
residues  remained  largely  buried  (Figs.  1  and  2).  At  2  M  urea, 
the  circular  dichroism  in  the  peptide  region  (222  nm)  had 
decreased  about  30%,  suggesting  partial  unfolding.  Interpre¬ 
tation  of  this  observation  is  complicated  fay  the  contributions 
of  aromatic  amino  acid  residues  to  the  CD  signal  in  this  region 
of  the  spectrum.  It  is  therefore  not  possible  without  further 
experimentation  to  interpret  the  decrease  in  CD  signal  at  222 
nm  in  terms  of  a-helical  content  of  the  protein. 

The  first  transition  (0-2  M  urea)  appeared  to  be  independ¬ 
ent  of  protein  concentration,  suggesting  that  structural 
changes  were  limited  to  isomerization  of  heterodimer.  Above 
2  M  urea,  there  was  a  strong  concentration  dqjendence,  sug¬ 
gesting  that  subunit  dissociation  occurred  in  this  transition 
(Fig.  3).  The  data  were  fit  to  a  three-state  model  in  which  the 
first  step  involved  isomerization  of  the  native  heterodimer  to 
a  nonnative  heterodimer  and  the  second  step  involved  disso¬ 
ciation  of  the  nonnative  heterodimer  to  yield  subunits.  In  our 
treatment,  we  assumed  the  a  and  /3  subunits  to  be  identical. 
The  results  of  this  treatment  (Table  I)  were  highly  consistent, 
both  between  spectral  methods  and  with  different  protein 
concentrations.  By  using  the  average  values  ^m  the  experi¬ 
mental  data  for  (4.52  kcal/mol),  (19.7  kcal/mol), 
mi  (2.38  kcal/mol/M),  and  mt  (3.99  kcal/mol/M),  we  could 
calculate  the  equilibrium  distribution  of  the  three  species, 
native  enzyme,  intermediate,  and  subunits,  at  each  urea  con¬ 
centration.  Results  of  these  calculations  are  shown  in  Fig.  4. 
Data  were  calculated  for  three  different  protein  concentra- 
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Fig.  4.  Theoretical  calculation  of  the  fraction  of  ape- 
ciea  as  a  fhnctiou  of  urea  concentration  in  the  unfolding 
process.  The  fractions  of  native,  intermediate,  and  unfolded  protein 
were  cidculated  as  a  function  of  urea  concentration  for  protein  con¬ 
centrations  of  5  {thin  line),  10  (medium  line),  and  25  ut/ml  (heavy 
line),  adn  refers  to  the  native  form  of  luciferase.  [adli  refers  to  a 
dimeric  intermediate,  and  a.  and  du  refer  to  the  intUvidual  unfolded 
subunits. 

tions,  25,  10,  and  5  jig/ml.  The  fraction  of  protein  in  the 
intermediate  form  is  highest  for  the  highest  protein  concen¬ 
tration,  about  65%  at  2.3  M  urea  and  25  ug/ml  total  protein. 

The  loss  of  enzymatic  activity  in  urea  occurred  in  a  single 
transition  that  was  protein  concentration-independent  and 
corresponded  to  the  first  transition  observed  in  the  spectro¬ 
scopic  measurements  (Table  II).  These  results  demonstrate 
that  the  heterodimeric  intermediate  that  has  the  enhanced 
fluorescence  is  largely  or  completely  inactive  in  the  biolumi¬ 
nescence  reaction.  This  interpretation  is  consistent  with  the 
flnding  from  kinetic  measurements  of  an  inactive  heterodi¬ 
meric  intermediate  on  the  refolding  pathway  (Ziegler  et  aL, 
1993).  The  results  presented  here  confirm  the  existence  of 
this  heterodimeric  intermediate  and  suggest  that  the  inter¬ 
mediate  is  sufficiently  stable  to  allow  detailed  spectroscopic 
analysis. 

We  have  established  conditions  that  allow  the  investigation 
of  the  conformational  stability  of  the  bacterial  luciferase 
heterodimer.  In  the  course  of  these  studies,  we  have  demon¬ 
strated  that  the  inactive  heterodimeric  intermediate  that  iso- 
merizes  to  the  active  form  of  the  enzyme,  demonstrated  in 
the  kinetic  experiments  of  Ziegler  et  aL  (1993),  is  well  popu¬ 
lated  at  equilibrium.  In  addition,  our  experiments  show  the 
following.  1)  The  unfolding  of  bacterial  luciferase  at  18  *C,  in 
50  mM  phosphate,  pH  7.0,  has  been  fit  to  a  three-state  model 
with  a  flee  energy  change  for  the  first  step  of  4.52  kcal/mol 
and,  for  the  second  step,  of  19.7  kcal/mol.  2)  The  first  step  in 
the  unfolding  reaction  involves  isomerization  of  the  native 
heterodimer  to  yield  an  inactive  heterodimer  that  is  spectro¬ 
scopically  distinguishable  from  the  native  enzyme.  3)  The 
inactive  heterodimer  appears  to  be  prone  to  aggregation. 
However,  at  low  protein  concentrations,  the  unfolding  tran¬ 
sitions  appear  to  be  fully  reversible. 

These  observations  explain  in  quantitative  terms  the  failure 
to  observe  flee  luciferase  subunits  in  equilibrium  with  the 
heterodimer  under  nondenaturing  conditions  (Hastings  et  aL, 
1966).  Furthermore,  the  folding  mechanism  supported  by 
these  data  is  entirely  consistent  with  a  model  of  luciferase 
assembly  in  which  the  interaction  between  partially  folded 
subunits  leads  to  a  final  native  conformation  in  which  the  a 


and  a  subunits  are  intertwined,  rather  than  interacting 
through  a  clearly  discernible  interface  between  compactly 
folded  subunits  (Waddle  et  aL,  1987;  Sugihara  and  B^dwin 
1988;  21iegler  et  oL,  1993;  Baldwin  et  aL,  1993). 
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ABSTRACT:  We  have  expressed  the  a  and  0  subunits  of  bacterial  luciferase,  encoded  by  luxA  and  luxB, 
from  separate  plasmids  in  Escherichia  coli  and  developed  an  eRicient  purification  scheme  that  yields  many 
milligrams  of  protein  of  greater  than  90%  homogeneity.  Earlier  experiments  showed  that  subunits  synthesized 
separately  assume  conformations  that  do  not  assemble  into  the  active  luciferase  heterodimer  without  prior 
denaturation.  This  observation  led  to  the  proposal  that  formation  of  the  luciferase  heterodimer  involved 
interactions  between  intermediate  conformations  on  the  folding  pathway  of  one  or  both  of  the  subunits 
[Waddle,  J.  J.,  Johnston.  T.  C..  &  Baldwin.  T.  O.  (1987)  Biochemistry  26,  4917-^921].  Both  of  the 
subunits  catalyze  reduced  flavin*  and  aldehyde-dependent  bioluminescence  reactions  that  are  similar  to  that 
of  the  heterodimer  in  terms  of  reduced  flavin  binding  affinity,  aldehyde  binding  and  inhibition,  and  kinetics 
of  the  overall  bioluminescence  reaction,  but  at  an  efficiency  of  about  S  x  IQ-^  that  of  the  heterodimer. 
Spectrophotometric  analyses  suggest  that  the  structures  of  the  individual  subunits  are  similar  to,  but  not 
identical  to,  the  structures  of  the  subunits  in  the  heterodimer.  Mixing  of  the  two  subunits  under  nondenaturing 
conditions  ^d  not  lead  to  formation  of  the  high  specific  activity  heterodimer,  even  after  prolonged  incubation. 
Likewise,  treatment  of  a  stoichiometric  mixture  of  the  individual  subunits  with  S  M  urea  followed  by  SO-fold 
dilution  of  the  urea  did  not  yield  the  active  heterodimer  under  the  same  conditions  that  yield  hi^  levels 
of  active  enzyme  following  denaturation  of  the  native  heterodimer  [Ziegler,  M.  M.,  Goldberg,  M.  E., 
Chaflbtte,  A.  F.,  A  Baldwin,  T.  O.  (1993)  /.  Biol.  Chem.  268, 10760-10765].  However,  refolding  of  the 
a  and  0  subunits  together  from  5  M  urea  following  unfolding  with  S  M  guanidine  HCl  resulted  in  formation 
of  the  high  specific  activity  a0  species,  suggesting  that  the  native  isolated  a  and/or  0  species  is  resisunt 
to  unfoltUng  by  5  M  urea.  The  results  indicate  t^t  formation  of  the  heterodimer  in  vipo  must  occur  by 
interaction  of  transient  subunit  species  that  are  distinct  from  the  stable  forms  of  the  subunits  that  we  have 
purified  from  cell  extracts. 


Bacterial  luciferase  is  a  heterodimeric  (a0)  enzyme  with 
a  single  active  center  residing  primarily  if  not  exclusively  on 
the  a  subunit  [see  Ziegler  and  Baldwin  (1981)  and  Baldwin 
and  Ziegler  (1992)  for  reviews  of  the  system].  The  a  and  0 
subunits  of  the  enzyme  from  Vibrio  haroeyi  are  355  amino 
acid  residues  (Cohn  et  al.,  1985)  and  324  amino  acid  residues 
(Johnston  et  al..  1986)  in  length,  respectively.  The  two 
subunits  are  clearly  homologous;  80%  of  the  residues  in  0  are 
either  identical  to  or  chemically  similar  to  the  corresponding 
residue  in  the  a  subunit.  The  shorter  length  of  the  0  subunit 
results  from  an  apparent  deletitm  of  residues  258-286  relative 
to  the  a  subunit  (Baldwin  Jk  Ziegler,  1992). 

Luciferase  catalyzes  the  bioluminescent  reaction  of 
FMNH2, 02,  and  an  aliphatic  aldehyde  to  yield  FMN,  the 
carboxylic  acid,  and  blue-green  light  with  a  quantum  yield  of 
about  0.1.  The  stoichiometry  of  the  reaction  requires  1  mol 
of  FMNH2(Becvar  ft  Hastings,  1975)  and  1  mol  of  aldehyde 
(Holzman  ft  Baldwin,  1983)  per  mole  of  the  heterodimer. 
The  preponderance  of  the  evidence  from  mutant  enzyme 
analysis  and  chemical  modification  studies  [discussed  by 
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Baldwin  and  Ziegler  (1992)]  indicates  that  the  single  active 
center  is  associated  primarily  with  the  a  subunit. 

Waddle  et  al.  (1987)  have  shown  that  expression  of  the 
individual  luciferase  a  and  0  subunits  from  recombinant 
plasmids  in  Escherichia  coli  results  in  accumulation  of  large 
amounts  of  subunit  in  cell  lysates,  demonstrating  that  the 
individual  subunits  fold  in  vivo  into  structures  that  are  stable 
and  soluble  within  the  cell.  However,  mixing  of  lysates 
containing  large  amounts  of  the  individual  subunits  not 
yield  the  highly  active  a0  species.  Unfolding  of  the  proteins 
with  8  M  urea  and  refolding  together  by  dilution  of  the  urea 
led  to  excellent  recovery  of  the  active  heterodimer.  On  the 
basis  of  these  observations.  Waddle  et  al.  (1987)  suggested 
that  /APibo  thesubunits  must  interact  as  partially  folded  species 
and  that  the  final  steps  of  folding  must  occur  within  the 
heterodimeric  species.  They  also  suggested  that  the  individual 
subunits  must  be  able  to  fold  into  stable  structures  that  are 
beyond  and  not  in  equilibrium  with  the  subunit  species  that 
are  capable  of  interaction  to  form  a0.  These  observations 
raised  the  possilnlity  that  formation  of  the  biologically  active 
heterodimer  might  constitute  a  kinetic  trap,  since  the  ’‘com¬ 
pletely*  folded  individual  subunits  do  not  recombine  upon 
mixing,  even  with  prolonged  incubation. 

It  was  thought  for  many  years  that  the  individual  subunits 
of  luciferase  lacked  bioluminescence  activity.  While  subunits 
refolded  individually  from  urea-containing  buffers  following 
chromatographic  separation  do  exhibit  low  activities,  it  was 
concluded  that  the  activity  was  the  result  of  failure  of  the 
chromatographic  systems  emploved  to  completely  seoarate 


the  two  subunits  (Friedland  &  Hastings,  I967a,b;Tu,  1978). 
Recently,  Waddle  and  Baldwij  (1991)  reponed  that  both  of 
the  luciferase  subunits  catalyze  a  low-efTiciency  biolumines- 
ceace  reaction.  This  observation  was  not  expected.  If  the 
active  center  is  confined  to  the  a  subunit,  then  the  observation 
of  bioluminescence  activity  from  the  ff  subunit  would  be 
difficult  to  undersund.  In  this  regard,  it  is  interesting  to  note 
that  there  is  some  indication  from  NMR  studies  ( Vervoort  et 
al.,  1986)  that  more  than  one  flavin  can  bind  to  luciferase, 
though  the  second  molecule  is  bound  very  weakly,  perhaps 
“nonspecifically''.  The  homology  between  the  subuniu  sug¬ 
gests  a  similar  three-dimensional  struaure  and  the  potential 
for  a  residual  active  center  on  the  0  subunit.  The  apparent 
deletion  of  a  region  of  about  28  residues  from  the  0  subunit 
could  account  for  lack  of  a  fully  functional  active  center  on 
the  0  subunit  (Baldwin  Sc,  Zie^er,  1992). 

The  initial  report  of  the  catalytic  activity  of  both  individual 
subunits  (Waddle  Sc  Baldwin,  1991)  wa^  based  on  studies  of 
individual  subunits  produced  within  E.  coli  cells  carrying 
plasmids  that  encode  only  a  single  luciferase  subunit,  either 
a  or  0.  Since  the  luciferase  subunits  were  produced  from  a 
recombinant  plasmid  in  E.  coli,  there  was  no  possibility  of 
residual  cross-contamination  of  one  subunit  with  the  other, 
as  would  occur  with  subunits  separated  chromatographically 
(Friedland  Sc  Hastings,  1967a,b;  Tu,  1978).  The  activity 
measurements  of  Waddle  and  Baldwin  (1991)  were  made 
with  partially  purified  subunits. 

The  purpose  of  the  experiments  presented  in  this  paper  was 
to  develop  a  highly  eHlcient  method  to  purify  the  individual 
subunits  from  the  cellular  constituents  of  E.  coli,  and  using 
the  highly  purified  subunits,  to  investigate  the  low  biolumi¬ 
nescence  activity  of  the  subunits  and  to  begin  to  develop  a 
better  understanding  of  the  structures  of  the  folded  individual 
subunits.  We  have  determined  the  binding  affinities  o;  the 
subunits  for  the  substrates,  FMNHj  and  aldehyde,  and  the 
kinetics  and  quantum  efficiencies  of  the  reactions  catalyzed 
by  the  subunits  relative  to  the  heterodimer.  The  physical 
properties  of  the  separate  subunits  indicate  that  they  exist  as 
well-defined  globular  structures  that  are  similar  to  but  distinct 
from  the  structures  of  the  subunits  as  they  exist  in  the 
heterodimer.  As  was  found  with  partially  purified  subunits, 
the  pure  a  and  0  subunits  do  not  reoomtoe  undet  native 
conditions  to  form  the  high  specific  activity  a/}.  Furthermore, 
the  subunits  incubated  together  in  S  M  urea  did  not  associate 
to  form  the  highly  active  heterodimer,  indicating  that  they 
did  not  unfold  in  5  M  urea.  The  same  conditions  have  been 
shown  to  lead  to  complete  (or  nearly  so)  unfolding  of  the 
subunitsoftheheteTodhner(Ziegleretal.,i993).  Itappeared 
that  unfolding  of  the  individual  subunits  requir^  S  M 
guanidine-HCl,  after  which  dilution  from  denaturant  resulted 
in  association  of  the  two  sabunits  to  form  the  high  specific 
activity  heterodimeric  luciferase. 

EXPERIMENTAL  PROCEDURES 

Materials.  DEA£  Sephadex  A-50  was  purchased  from 
Sigma,  Ultrogel  AcA  S4  from  IBF  Biotechnics,  dithiothreitol 
frmn  Boehringer  Mannheim  Biochemicab,  EDTA  from 
Research  Organics,  »-octanal  from  Sigma,  n-decanal  and 
n-dodecanal  from  Aldrich,  FMN  from  Calbiochem,  and 
UltraPure  urea  from  Schwattz-Mann.  All  inorganic  salts 
were  purchased  from  Baker  or  Fuher  and  were  of  the  highest 
purity  grade  avaUabie. 

Bacterial  Growth  and  Cell  Lysis.  E.  coli  strain  LE392,  an 
rk'.mi,~  strain  derived  from  ED86S4  (Maniatb  et  al.,  1982), 
was  chosen  for  its  ability  to  overexpress  cloned  structural  genes 


(Baldwin  ct  al.,  1989).  Plasmid  pJH2,  described  previously 
(Waddle  et  al.,  1987),  carries  lux  A  encoding  the  luciferase 
a  subunit  from  V.  harveyi  under  control  of  the  lac  promoter 
in  pUC9.  Plasmid  pJH5  (Waddle  et  al.,  1987)  carries  luxB 
encoding  the  luciferase  0  subunit  from  K  harveyi  under  the 
control  of  the  lac  promoter  in  a  pUC9  derivative  that  carries 
a  kanamycin  resbunce  marker.  The  luxA  and  luxB  genes 
were  derived  from  the  primary  clone  screened  from  a  genomic 
bank  (Baldwin  et  al.,  1984).  The  media  used  wer  LU 
supplemented  with  carbenicillin  (100  ug/mL)  for  LE392/ 
pJH2  and  with  kanamycin  sulfate  (100  ug/mL)  for  LE392/ 
pJH5. 

Waddle  and  Baldwin  (1991)  noted  that  growth  of  E.  coli 
cultures  at  30  *C  or  above  resulted  in  production  of  luciferase 
subunits  in  the  insoluble  fraction  of  the  cell  lysates,  whereas 
at  25  *C  the  majority  of  the  subunit  was  in  the  soluble  fraction 
for  both  subunits.  Similar  results  were  observed  in  the  current 
study.  Single  colonies  from  overnight  growth  at  25  *C  on  LB 
agar  pbtes  were  picked  and  used  to  inoculate  5  mL  of  LB 
medium.  Cultureswereallowedtogrowat25*Cwithaeration 
(250  rpm)  for  approximately  6  h.  The  S-mL  liquid  culture 
was  used  to  inoculate  50  mL  of  medium  and  allowed  to  grow 
at  25  ‘C  with  aeration  for  7  h.  Thu  culture  was  used  to 
inoculate  1.5  L  of  medium  which  was  then  grown  at  25  °C 
for  24  h.  Celb  were  harvested  when  the  OD'  at  600  nm 
reached  about  4.2. 

Purification  Procedures.  Celb  were  harvested  by  centrif¬ 
ugation  at  6370g  for  15  min  at  10  °C.  The  cell  pdlet  was 
resuspended  in  72  mL  (minimum  volume  required)  of  buffer 
consbting  of  0.2  M  phosphate,  0.5  mM  DTT,  and  1  mM 
EDTA,  pH  7.0  for  the  a  subunit,  or  pH  6.2  for  the  0  subunit, 
and  lysed  in  an  SLM/Aminco  French  pressure  cell  with  KKX) 
psi  applied  to  the  drive.  The  celb  and  cell  lysate  were  kept 
on  ice  throughout  the  procedure.  Cell  debris  was  removed  by 
centrifugation  at  27200g  for  20  min  at  4  *C.  The  cel)  lysate 
containing  the  0  subunit  was  treated  with  am  ionium  sulfate, 
and  the  protein  precipitating  between  40%  and  75%  saturation 
at  4  ”C  was  collected  by  centrifugation  at  27200g  for  1 5  min 
at  4  "C.  The  precipitated  protein  was  resuspended  in  0.2  M 
phosphate  and  0.5  mM  DIT,  pH  6.2,  and  dialyzed  overnight 
a^inst  the  same  buffer  (tbrM  changes  of  1  L  each).  The 
lysate  containing  the  a  subunit  was  not  treated  with  ammonium 
sulfate.  Unless  otherwise  stated,  all  steps  in  the  a  subunit 
purification  were  carried  out  at  pH  7.0,  while  the  0  subunit 
purification  was  performed  at  pH  6.2. 

DEAE  Sephadex  A-50  was  equilibrated  in  0.2  M  phosphate 
buffer  and  u^  to  prepare  a  column  with  a  bed  volume  of  41 2 
mL(5-cm  diameter).  The  dialyzed  protein  was  applied  to  the 
column  and  allowed  to  equilibrate  with  the  resin  for  30  min, 
after  which  it  was  eluted  from  the  column  at  a  flow  rate  of 
150  mL/h  with  a  linear  gradient  between  750  mL  of  0.2  M 
phosphate  and  750  mL  of  0.6  M  phosphate,  both  with  0.5  mM 
DTT  and  I  mM  EDTA  (1500  total,  pH  7.0  for  a  and  pH 
6.2  for  0).  Column  fractions  (20  mL)  were  monitored  for 
bioluminescence  activity,  and  protein  concentration  was 
estimated  by  measuring  the  absorbance  at  280  nm.  Fractions 
were  select^  for  pooling  based  on  bioluminescence  activity 
and  the  results  of  polyacrylamide  gel  electrophoresb  in  the 
presence  of  SDS.  Pooled  fractions  were  concentrated  in  an 
Amicon  ultraflltration  cell  (PM30  membrane)  and  then 
dialyzed  against  0.2  M  phosphate,  0.5  mM  DTT,  and  1  mM 
EDTA  (pH  7.0  for  a  and  6.2  for  /J).  The  samples  were  applied 


'  OD,  optical  density;  BS  A,  bovine  tenim  albumin;  DTT,  dithiothreitol; 
CD,  circular  dichroism;  SDS,  sodium  dodecyl  sulfate. 
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to  a  second  DEAE  Sephadex  A* 50  column  (same  dimrasions 
as  the  first  column)  and  eluted  with  the  same  gradient  as  the 
fust  column,  but  with  a  flow  rate  of  about  45  mL  /  h.  Fractions 
with  the  highest  specific  aaivity  were  pooLxl,  concentrated, 
and  dialyzed  against  0.2  M  phosphate  buffer.  Concentrated 
d  subunit  was  applied  to  an  Ultr^el  AcA  54  colunu  (2.5  cm 
X  90  cm)  and  eluted  at  about  1 5  mL/h  with  0. 1  M  phosphate, 
0.5  mM  DTT,  and  1  mM  EDTA,  pH  7.0.  Fractions  of  3  mL 
were  collectnl,  activity  and  protein  concentration  were 
measured,  and  component  proteins  were  analyzed  by  SDS  gel 
electrophoresis.  Fractionscontainingthehighestpuritysubunit 
were  pooled,  concentrated,  and  stored  frozen.  All  chromato¬ 
graphic  procedures  were  carried  out  at  0-4  *C. 

Determinationof Molar ExtinctionCoefficiettts.  Themolar 
extinction  coefficients  of  the  luciferase  beterodimer,  a  subunit, 
and  d  subunit  were  determined  by  the  method  of  Edeihoch 
(1967).  Highly  purified  protein  samples  (Aim  ~  1. 5-2.5) 
were  dialyzed  overnight  against  50  mM  phosphate,  pH  7.0, 
at  4  "C.  Following  centrifugation  at  1 5000  rpm  for  2  min  in 
an  Eppendorf  microcentrifuge,  absorbance  spectra  between 
250  and  450  nm  were  recorded  against  a  baseline  of  the  buffer 
that  had  been  used  in  the  dialysis.  The  spectra  confirmed 
that  the  centrifugation  had  removed  any  light  scattering 
aggregated  materials. 

Protein  samples  were  diluted  1:4  into  8  M  guanidinium 
chloride  in  50  mM  phosphate,  pH  6.5,  to  yield  samples  in  6 
M  guanidinium  chloride.  The  absorbance  at  280  nm  of  each 
sample  was  measured.  Equivalent  native  samples  were 
prepared  by  1:4  dilution  of  the  protein  stock  into  50  mM 
phosphate,  pH  7.0,  and  the  absorbances  at  280  nm  were 
determined.  Protein  concentrations  in  6  M  guanidinium 
chloride  were  determined  from  the  extinction  coefficients 
(Edeihoch,  1967)  of  fV-acetyl-L'tryptophanamide  and  gly- 
cyltyrosinylglycine  and  the  tryptophanyl  and  tyrosinyl  content 
of  the  a  and  0  subunits  (Cohn  et  ai.,  1985;  Johnston  et  al., 
1986).  Spectral  measurements  were  taken  with  a  Hewlett- 
Packard  model  84S2A  spectrophotometer  at  24  ”C. 

Measurement  of  Bioluminescence  Activity.  Biolumines¬ 
cence  activity  was  determined  by  the  flavin  injection  method 
(Hastings  et  al.,  1978)  in  which  the  enzyme  is  incubated  with 
the  aldehyde  substrate  in  an  aerobic  buffer  solution  over  a 
photomultiplier  tube.  The  reaction  was  initiated  by  the  rapid 
injection  of  1  mL  of  FMNH2  prepared  by  catalytic  reduction. 
Light  emission  was  detected  by  a  Turner  Designs  model 
TD-20e  luminometer  with  a  sensitivity  of  3.66  X  10^ 
quanta>s~'-(light  unit)*'.  Data  were  recoMed  by  means  of  a 
Macintosh  computer  and  Superscope  software  (GWI,  Cam¬ 
bridge,  MA).  Tlie  data  were  fit  using  the  model  developed 
by  Abu-Soud  et  aL  (1992)  with  the  program  Kinsim  (Barshop 
et  al.,  1 983).  Diffenat  chain  length  aldehyde  substrates  were 
prepared  by  sonkation  in  water  to  obtain  a  0.01%  v/v 
suspension.  Assays  were  performed  at  room  temperature 
(~24  ”C)  in  1  mL  of  SO  mM  phosphate,  pH  7.0, 0.2%  BSA 
with  10  liL  of  the  aldehyde  suspension. 

Aldehyde  Inhibition.  Suspensions  of  n-decanal  were  pre¬ 
pared  by  sonication  in  water  for  a  0.01%  v/v  suspension 
(Holzman  A  Baldwin,  1983).  Fresh  aldehyde  was  prepared 
every  hour  to  avoid  potential  interference  from  oxidation. 
Assays  were  performed  in  the  same  manner  as  described  above, 
but  without  BSA.  Peak  light  intensity  for  each  reaction  was 
measured  with  a  Turner  luminometer.  Multiple  assays  were 
performed  at  each  aldehyde  concentration. 

FMNH}  Binding  Affinities.  The  FMNH2  binding  affinities 
of  the  a  and  B  subunits  were  determined  by  the  dithionite 
assay  method  of  Meighen  and  Hastings  (1971)  and  compared 


with  that  of  the  heterodimer.  Dithionite  solutions  were 
prepared  as  described  by  Tu  and  Hastings  (1975).  Enzynw 
was  mixed  with  1  mL  of  FMN  containing  50  mM  phosf^te 
andlmMDTT.  Tbeflavinwasreduoedaodmolecularoxygen 
removed  by  addition  of  4  mL  of  a  30  mg/mL  solution  of 
dithionite  in  water.  The  reaction  was  initiated  by  injection 
of  1  mL  of  0.01%  aldehyde  containing  50  mM  phosphate,  pH 
7.0, 1  mM  DTT,  and  dissolved  O2.  The  peak  light  intensity 
was  measured  using  a  Turner  luminometer;  assays  were 
performed  in  triplicate. 

Spectroscopic  Properties  of  the  a  and  B  Subunits.  Circular 
dichroism  spectra  in  the  near-  and  far-UV  of  the  individual 
subunits  and  of  the  heterodimer  were  recorded  with  a  Jobin- 
Yvon  CD-6  spectropolarimeter  in  the  laboratory  of  Prof. 
Michel  Goldberg  of  the  Pasteur  Institute.  Protein  samples  in 
25  mM  phosphate,  1  mM  EDTA,  and  0.1  mM  DTT,  pH  7.0, 
were  maintained  at  18  "C  while  spectra  were  being  recorded. 
The  cuvettes  used  had  a  1-cm  path  length  for  the  250-320-nm 
region  and  a  0.02-cm  path  length  for  the  1 85-2S5-nm  region. 
Far-  and  near-UV  spectra  were  recorded  with  a  band  path  of 
2  nm,  a  time  constant  of  5  s,  and  a  step  of  1  nm.  The 
concentrations  for  the  far-UV  CD  spectra  were  4.38,  9.60, 
and  3.00  mM  for  a  subunit,  B  subunit,  and  luciferase, 
respectively.  Near-UV  CDspectra  were  recorded  with  protein 
samples  of  17.3, 37.8,  and  1 1.3  mM  for  a  subunit,  B  subunit, 
and  luciferase,  respectively.  Spectra  were  Hrst  normalized 
on  the  basis  of  molar  concentration  of  polypeptide  and 
converted  to  mean  residue  ellipticity  on  the  basis  of  the  total 
number  of  amino  acid  residues  per  subunit  (355  for  a  and  324 
for  B)-  Buffer  baselines  were  recorded  under  identical 
conditions  and  subtracted  from  the  spectra  of  the  proteins. 
Fluorescence  emission  spectra  were  determined  with  an  SLM 
8000C  spectrofluorometer  with  excitation  at  280  nm.  The 
concentration  of  all  three  samples  was  1.0  pM. 

Subunit  Assembly.  The  individual  subunits  ( 1 5.2  uM)  were 
incubated  in  5  M  guanidine-HCI  or  5  M  urea,  both  in  50  mM 
phosphate  and  0.5  mM  DTT,  pH  7.0,  for  30  min  and  then 
dialyzed  against  the  same  buffer  with  5  M  urea  for  4  h  at  18 
*C.  The  refolding  reaction  was  initiated  by  SO-fold  dilution 
to  0.304  ^M  (~23  ug/mL)  in  50  mM  phosphate  buffer,  pH 
7.0,  at  18  ”C  and  a  flnal  urea  concentration  of  0.1  M.  The 
heterodimer  was  denatured  in  5  M  urea  and  renatured  under 
the  same  conditions  as  the  individual  subunits,  using  methods 
described  by  Ziegler  et  al.  (1993)  and  Baldwin  et  al.  (1993). 
A  fourth  solution,  with  both  a  and  B  subunits,  each  at  15.2 
mM  in  50  mM  phosphate  buffer,  was  diluted  to  0.304  ^M  in 
phosphate  buffer  at  18  "C  and  0.1  M  urea.  The  heterodimer 
in  SO  mM  phosphate  buffer  was  diluted  to  0.304  ^M  in 
phosphate  buffer  and  0.1  M  urea  at  18  ‘C.  The  appearance 
of  aaivity  in  these  solutions  at  18  "C  was  monito^  with  a 
Turner  luminometer  over  a  period  of  several  days. 

RESULTS 

Purification.  We  have  found  that  very  high  levels  of 
luciferase  accumulate  in  E.  coli  strain  LE392  transformed 
with  a  pUC9  plasmid  encoding  both  subunits.  For  this  reason, 
we  chose  to  use  LE392  carrying  the  luxA  or  luxB  gene  for 
overexpression  of  the  individual  subunits.  Growth  of  these 
strains  in  LB  medium  at  20,  30,  and  37  was  monitored. 
The  cell  density  (OD«oo)  giving  the  highest  accumulation  of 
a  subunit  as  determined  from  Coomassie  blue  suining  of  SDS 
gels  was  2.1  for  growth  at  20  ”C,  1. 0  for  growth  at  30  *C,  and 
0.8  for  growth  at  37  *C.  Estimates  were  made  of  the  fraction 
of  the  a  subunit  that  was  produced  in  soluble  form  by 
comparing  the  intensity  of  staining  of  the  a  subunit  band 
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Figure  1 :  Column  elution  proflles  for  the  a  (left  panel)  and  $  (right  panel)  tubuniu.  Bioluminetcence  activity  (open  symbols)  and  absorbance 
at  280  nm  (closed  symbols)  are  plotted  against  the  elution  volume  for  each  colunm.  (Left  panel  A)  Fust  DEAE>AS0  column;  (left  panel  B) 
second  DEAE  A>S0  column:  (right  panel  A)  Tirst  DEAE  A>50  column;  (right  panel  B)  second  DEAE>AS0  column;  (right  panel  C)  Ultrogel 
AcA  54  colunm.  Horizonul  bars  ideate  fractions  which  were  pooled  from  each  colunm.  Activity  in  quanU'S''-mg''  was  determined  with 
fhdecanal  as  described  under  Experimental  Procedures. 


Table  I:  Purification  of  the  a  and  0  Subunits* 


purification  step 

total  protein  (mg) 

total  act.  xlO-'®  (quanu/s) 

spact.  X10~*  [quanta/(s*mg)] 

%  yield* 

a 

a 

a 

a 

a 

a 

a 

a 

crude  lysate 

12060 

18443 

97.4 

7.1 

0.8 

0.04 

100 

100 

fint  A-50 

162 

360 

73.6 

5« 

45.4 

1.6 

75 

81 

second  A-50 

108 

262 

190.0 

0.9 

176.0 

2.6 

194 

97 

Ultrogel  AcA  54' 

50 

6.0 

10.8 

84 

■  Cultures  of  E.  coli  LE392  carrying  plasmids  pJH2  (a  subunit)  or  pJH5  [fi  subunit),  grown  as  described  under  Experimental  Piocedurrs,  were 
the  source  of  the  crude  lysates  from  which  the  subunits  were  purified.  *  The  percent  yield  was  calculated  in  each  case  r^tive  to  the  total  activity  of 
the  crude  lysate.  ‘  The  purification  of  the  a  tubnnit  was  complete  after  two  DEAE  A-50  oolunms,  while  an  additional  Ultrogel  AcA  54  column  was 
required  for  the  final  purification  of  the  d  subunit.  _ 


before  and  after  centrifugation.  At  least  7  S%  of  the  a  subunit 
was  insoluble  in  ceUs  grown  at  37  or  30  "C,  while  75-90%  of 
the  subunit  was  soluble  in  cells  grown  at  20  "C.  The  0  subunit 
behaved  in  a  similar  fashion,  indicating  that  cell  growth  at  20 
”C  allowed  the  greatest  accumulation  of  both  subunits  in 
soluble  form  into  stationary  phase.  Under  these  conditions 
more  than  90%  of  both  subunits  remained  soluble  after 
centrifugation  at  27200g  for  30  min  at  5  *C.  A  growth 
temperature  of  25  *C  was  chosen  for  routine  work  since  the 
grov^  rate  was  much  faster  than  at  20  "C,  and  production 
of  soluble  protein  was  at  an  acceptable  level. 

After  24  h  of  growth  at  25  ”C,  cells  from  6  L  of  culture 
were  harvested,  lysed,  and  treated  with  ammonium  sulfate  as 
described  under  Experimental  Procedures.  The  dialyzed 
sample  was  applied  to  a  DEAE  Sephadex  A>50  column  and 
elut^  as  described.  Both  subunits  eluted  from  the  columns 
as  single  peaks  at  the  end  of  the  gradients,  after  the  majority 
of  the  contaminating  protein.  In  the  case  of  the  a  subunit. 


additional  0.6  M  phosphate  buffer  was  added  after  the  gradient 
to  complete  elution  of  the  subunit.  Chromatography  of  each 
subunit  on  a  second  DEAE  Sephadex  A-50  column  yielded 
a  subunit  that  was  greater  than  95%  pure,  as  shown  by  SDS- 
PAGE  gels,  while  the  0  subunit  preparation  retained  one  major 
and  several  minor  contaminating  Imnds.  Chromatography  of 
the  0  subunit  preparation  on  an  Ultrogel  AcA  54  column 
yielded  0  subunit  t^t  was  greater  than  95%  pure.  The  elution 
profiles  of  the  various  chromatographic  steps  are  presented 
in  Hgure  1,  and  a  summary  of  the  puriHcation  is  given  in 
Table  I.  The  luciferase  heterodimer  was  purified  as  described 
by  Gunsalus-Miguel  et  al.  (1972)  and  modified  by  Baldwin 
et  al.  (1989). 

Determination  of  Extinction  Coefficients.  Using  the  known 
amino  acid  composition  of  the  a  and  0  subunits  (Cohn  et  al., 
1985;  Johnston  et  al.,  1986),  the  extinction  coefficients  were 
determined  for  the  individual  subunits  and  for  the  heterodimer 
using  the  method  of  Edelhoch  (1967).  The  values  determined 
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Figure  2:  Effect  of  n-decanal  concentration  on  bioiiuninescence 
activity.  Peak  light  intensity  was  determined  by  the  flavin  injection 
assay  in  the  presence  of  the  indicated  concentration  of  n-decanal. 
These  values  were  then  normalized  to  the  same  scale  and  plotted. 
The  relative  activities  are  shown  for  the  luciferase  heterodimer 
(circles),  a  subunit  (squares),  and  d subunit  (triangles).  The  protein 
concentrations  used  in  these  assays  were  0.817  nM  for  luciferase, 
0.394  mM  for  the  a  subunit,  and  0.768  mM  for  the  d  subunit.  The 
solid  line  is  a  smoothed  curve  drawn  through  the  data  points. 

were  1.13  (ing/mL)-'-cm-',  1.41  (mg/mL)-'-cm-'  and  0.71 
(mg/mL)~''Cm~'  for  luciferase,  a  subunit,  and  0  subunit, 
respectively.  Thesecorrespond  to  molar  extinction  coefficients 
of  8.69  X  10*  M-'  cm->,  5.64  X  10*  M-'  cm-',  and  2.59  X  10* 
M"'  cm"' ,  respectively.  Previously  determin^  values  for  tbe 
extinction  coefficient  of  luciferase  are  0.94  (mg/mL)-'<cm-' 
(Gunsalus-Miguel  et  al.,  1972)  and  1.2(mg/mL)-'*cm-'  [see 
Tu  et  al.  (1977)]. 

Comparison  of  the  Biolumineseence  Activity  of  Individual 
Subunits  Mrith  that  of  Luciferase.  Bacterial  luciferase  from 
V.  harveyi  is  inhibited  by  hiigh  concentrations  of  the  aldehyde 
substrate  (Holzman  ft  Baldwin,  1983).  A  recent  detailed 
investigation  of  the  kinetic  mechanism  of  the  enzyme  suggests 
that  the  inhibition  is  due  to  formation  of  a  dead*end  enzymo- 
aldehyde  complex;  the  decrease  in  activity  appears  to  result 
from  failure  of  this  complex  to  bind  FMNHj,  with  FMNHj 
being  removed  from  the  reaction  by  the  competing  nonen* 
zpatic  reaction  with  O2  (Abu-Soud  et  al.,  1992, 1993).  The 
biolumineseence  activity  of  the  a  and  0  subunits  was  likewise 
inhibited  by  hi^  concentrations  of  aldehyde  (Hgure  2).  The 
highest  biolumineseence  activity  occurred  at  lOMMn-decanai 
for  the  heterodimer  and  at  20  iM  n-decanal  for  both  the  a 
and  0  subunits. 

Upon  injection  of  FMNHj  into  a  solution  of  enzyme, 
aldehyde,  and  O2,  there  is  a  rapid  rise  in  light  intensity  to  a 
peak  which  is  proportional  to  the  amount  of  enzyme  under 
conditions  of  saturating  substrates.  In  this  assay  format, 
FMNHj  that  does  not  bind  to  the  enzyme  is  rapidly  removed 
by  nonenzymatic  reaction  with  O2  such  that  turnover  is  not 
possible  (Hastings  ft  Gibson,  1963).  The  peak  light  intensity 
is  followed  by  an  exponential  decay,  thought  to  represent  the 
decay  of  an  enzyme-bound  flavin  4a  hydrtqieroxide-aldebyde 
complex  to  yield  the  excited  state  [see  Baldwin  and  ZieglCT 
(1992)  for  a  discussitm  of  the  reaction].  The  a  subunit 
exhibited  a  ffrst-order  decay  of  light  intensity  that  superim¬ 
posed  upon  that  of  the  heterodimer,  while  the  0  subunit 
displayed  a  slower  decay  rate  than  the  heterodimer  for  aU 
three  aldehyde  cluittlengtbi  tested  (see  Hgtuc  3).  Tbe  fiat- 
order  rate  constants  are  presented  in  Table  II. 

The  binding  of  FMNH2  to  the  individual  subunits  was 
monitored  by  an  activity  assay.  Protein  was  incubated  with 
various  concentrations  of  FMNH2  under  anaerobic  conditions 
(sodium  dithionite),  and  the  biolumineseence  reaction  was 
initiated  by  rapid  injection  of  aldehyde  and  dissolved  O2.  In 
this  assay,  it  is  assumed  that  the  initial  maximum  light  intensity 


Figure  3:  Tune  course  of  the  biolumineseence  reaction  caulyzed 
by  the  heterodimer  (circles),  a  subunit  (triangles),  and  0  sulmit 
(squares).  (Panel  A)  Light  produaion  using  n-decanal  as  substrate. 
(I^nel  B)  Light  production  using  n-octanal  as  substrate.  (Panel  C) 
Light  production  using  n-dodecaruil  as  substrate.  The  solid  lines 
represent  simulated  time  courses  based  on  the  kinetic  mechanism  of 
the  heterodimer  proposed  by  Abu-Soud  et  al.  (1992).  Tbe  protein 
concentrations  were  the  same  as  for  the  experiment  i^icted  in  Figure 
2.  The  flrst-order  decay  rates  used  in  the  simulation  are  presented 
in  Table  11. 


Table  II:  Biolumineseence  Decay  Rate  Constants  and  Km  fot 
Reduced  Flavin 


decay  rate  consunu 


J^«ctanaJ 

(s') 

»decanal 

(s-') 

n-dodccanai 

(s-') 

it«IFMNHj) 

(i»M) 

heterodimer 

0.0S0 

0.30 

0.040 

0.44 

a  subunit 

0.0S0 

0.30 

0.040 

0.18 

0  subunit 

0.033 

0.21 

0.028 

0.60 

Figure  4:  Interaction  of  luciferase  and  the  a  and  0  subunits  with 
FMNH2.  BioluminesGence  aaivity  is  plotted  versus 
concentration  for  tbe  heterodimer  (circles),  the  a  subunit  (triangles), 
and  the  0  subunit  (^uares).  The  solid  lines  are  the  best  fits  of  the 
data  to  the  Michaelis-Menten  equation.  The  protein  concentrations 
were  tbe  same  as  for  the  experiment  depicted  in  Figure  2.^  The 
values  of  Km  determined  from  these  data  are  present^  in  Table  II. 

following  injection  is  proportional  to  the  concentration  of 
enzyme-bou^  flavin  at  the  time  of  iqjection  of  O2  and  aldehyde 
(Meighen  ft  Hastings,  1971).  Thedaufromsucheiqterimeats 
are  presented  in  figure  4.  The  values  of  Kn  for  the  complex 
of  ^NHt  with  the  heterodimer  and  with  the  individual 
subunits  were  determined  from  a  nonlinear  least-squares  fit 
of  a  hyperbolic  plot  of  light  intensity  versus  FMNHt 
<»ncentration  using  the  Michaelis-Menten  equation.  These 
parameters.  0.44, 0. 1 8,  and  0.60  mM  for  the  dimer  and  a  and 
0  subunits,  respectively,  are  summarized  in  Table  II. 


Purification  and  Properties  of  Luciferase  Subunits 
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Figure  S:  Circular  dichroism  and  fluorescence  emission  spectra  of 
lucifmse,  a  subunit,  and  0  subunit.  (Panel  A)  Comparison  of  tbe 
circular  dicbroism  spectra  of  equimolar  concentrations  of  a  subunit 
( — )  and  0  subunit  ( — ).  (Panel  B)  Comparison  of  the  sum  of  tbe 
spectra  in  panel  A  ( — )  to  the  circular  dichroism  spectrum  of 
Indferasef — ).  (Panel  C)  Comparison  of  the  fluorescence  emission 
spectra  (excitation  at  280  nm)  of  equimolar  concentrations  of 

luciferase  ( — ),  a  subunit  ( - ),  and  d  subunit  ( — ).  Spectra  were 

recorded  as  docribed  under  &perimental  ProMdures. 

Spectral  Pn^terties  of  the  a  and  0  subunits.  Figure  Sa 
sbtm  the  circulirdidiioiim  spectra  for  tbe  individual  subunits, 
and  Figure  5b  shows  a  otMnparison  the  sum  of  the  spectra 
in  Hgore  Sa  with  the  spectrum  of  the  native  heterodimer.  The 
sum  of  the  spectra  for  the  subunits  wu  similar  to,  but  not 
equal  to,  the  spectrum  of  the  dimer  in  the  far<UV,  indicating 
either  that  there  was  some  secondary  structure  content  that 
wu  unique  to  the  hetnodimer  or  that  some  aromatic 
re»due(s),  which  also  contributefs)  to  the  far-UV  CD 
spectrum,  wu  in  a  different  environment  in  the  free  subunit(s) 
tto  in  the  heterodimer.  Differencu  between  the  sum  of  the 
near>lIV  CD  spectra  of  the  individusd  subunits  and  the 
spectrum  of  the  native  heterodimer  suggut  that  several  of  the 
aromatic  residuu  of  the  individual  subunits  inside  in  different 
environments  from  that  which  exists  in  the  heterodimer.  The 
fluorescence  emission  spectrum  (Figure  5c)  of  the  a  subunit 


TIME  (min) 

Figure  6;  Time  course  of  formation  of  the  luciferase  heterodimer 
following  dilution  of  subunits  from  various  solutions  of  denaturant 
at  18  *C.  In  the  first  experiment,  equimolar  amounts  of  a  and  0 
subunit  were  mixed  in  S  M  urea  a^  diluted  SO-fold  to  0.1  M  urea, 
and  the  activity  wu  monitored  u  a  function  of  time  (closed  squares). 
In  the  second  experiment,  luciferase  wu  added  to  5  M  uru  at  the 
ume  concentration  u  the  subunits  in  the  first  experiment  and  diluted 
S0>fold,  and  the  luciferase  activity  wu  monitored  (closed  circlu). 
In  the  third  experiment,  a  and  0  subuniu  were  treated  with  S  M 
guanidine  HCl,  dialyzed  into  S  M  urea,  and  diluted  SO-fold,  and 
luciferase  activity  wu  monitored  (open  circlu).  Two  cmitrol 
experiments  were  also  performed.  In  the  first,  luciferase  incubated 
in  0.1  M  uru  wu  used  to  indiute  the  stability  of  the  folded  protein 
under  these  conditions,  and  Use  activity  from  this  uperiment  wu  the 
buis  for  the  percent  recovery  for  the  other  four  experinwnts.  The 
second  control  showed  the  activity  of  the  mixed  a  ami  0  subuniu  in 
the  presence  of  O.I  M  uru  (open  squaru). 

had  a  greater  amplitude  than  that  of  the  heterodimer,  while 
the  spectrum  of  the  0  subunit  was  very  weak,  due  in  part  to 
the  low  content  of  tryptophan  in  the  ^subunit  and  an  apparent 
quenching  of  the  fluorescence  in  the  folded  state  (Clark  et  al., 
1993). 

Assembly  of  the  a  and  0  Subunits  to  Form  Luciferase. 
Waddle  et  aL  ( 1 987)  showed  that  individual  a  and  0  subunits 
produced  in  E.  coll  would  not  combine  to  form  the  active 
heterodimer  unleu  flrst  unfolded  with  8  M  urea.  Baldwin  et 
al.  (1993)  have  suggested  that  this  behavior  is  due  to  folding 
of  Uw  )5  subunit  into  an  alternative  conformation  that  dou 
not  interact  with  refolding  a  subunit.  To  better  understand 
these  observatioas,  we  have  rqieated  tbe  refolding  experiments 
described  by  Ziegler  et  al.  (1993)  except  that  we  used  the 
individual  a  and  0  subunits  for  refdding  rather  than  the 
heterodimer.  Hgure  6  shows  that  no  bioluminescenoe  activity 
was  observed  from  mixtures  of  native  a  and  0  subunits  or 
from  mixtures  of  subunits  that  had  been  incubated  in  5  M 
urea  prior  to  dilution  into  the  refolding  buffer.  Since  Waddle 
et  al.  (1987)  bad  obtained  complementatiim  with  impure 
subunits  unfidded  in  8  M  urea,  we  wished  to  employ  stnmger 
ccmditions  than  5  M  urea.  Subunits  first  treated  with  5  M 
guanidine-HCl  were  dialyzed  into  5  M  urea  and  then  refdded 
in  phosphate  buffer  under  the  same  conditions  as  the  flrst  two 
experiments.  For  comparison  under  these  condititms,  het¬ 
erodimer  that  had  been  unfolded  in  5  M  urea  was  refolded 
in  phosphate  buffer,  and,  as  a  control,  heterodimer  that  had 
never  b^  unfolded  was  incubated  under  the  same  conditions 
as  the  refolding  samples.  The  mixture  of  native  subunits  and 
the  subunits  that  had  been  treated  with  5  M  urea  showed 

’Because  the  ooncentntioiis  of  the  individual  subunits  in  this 
experiment  were  we  also  plotted  the  data  correcting  for  the 
concentration  of  enzyme-bound  flavin.  The  values  obtained  by  this 
rigorous  treatment  of  the  data  were  within  20%  of  the  values  in  Table 
II,  indicating  that  subpopulations  of  the  individual  subunits  bind  the 
substrate  FMNH,  (see  Discussion). 
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essentially  no  increase  in  activity  over  the  time  tested,  while 
the  subunits  that  had  been  unfdded  in  guanidine-HCl  and 
subsequently  transferred  to  5  M  urea  and  allowed  to  refold 
together  shwed  essentially  the  same  rate  of  refolding  and 
yield  of  od  as  the  heterodimer  unfolded  in  S  M  urea  and 
allowed  to  refold  at  the  same  concentration. 

DISaJSSION 

The  iuciferase  from  V.  harveyi  is  a  remarkably  soluble 
enzyme;  the  procedures  that  we  have  developed  for  overex¬ 
pression  of  the  enzyme  in  £.  coli  yield  cells  in  which  iuciferase 
comprises  over.  S0%  of  the  soluble  protein  (Baldwin  et  al., 
1 989) ,  so  each  subunit  of  Iuciferase  comprises  over  25%  of  the 
soluble  protein.  Thesamemethodsthatresultinaocumulation 
of  high  levek  of  Iuciferase  also  yield  high  levels  of  the  individual 
subunits,  but  there  are  several  notable  diff'erences.  First,  the 
individual  subunits  appear  to  be  less  soluble  than  the 
heterodimer,  especially  when  cells  are  grown  at  higher 
temperatures.  Second,  while  the  accumulation  of  the  indi¬ 
vidual  subunits  appears  to  be  similar  to  the  level  of  accu¬ 
mulation  of  Iuciferase,  the  yield  of  subunit  from  the  purification 
scheme  is  significantly  less  than  from  the  purification  of 
Iuciferase  (Table  I;  Baldwin  et  al.,  1986, 1989;  Hastings  et 
al.,  1978).  Purification  of  the  Iuciferase  subunits  was 
facilitated  both  by  the  overexpression  and  by  the  fact  that  the 
subunits  appear  to  be  more  acidic  than  the  majority  of  the 
proteins  in  lysates  of  E.  coli  (Waddle  et  al.,  1987).  The 
puriflcation  that  we  have  employed  relied  upon  monitoring 
the  activity  of  the  subunits.  We  cannot  rule  out  the  possibility 
that  the  subunits  fold  into  multiple  stable  conformations  that 
are  not  in  rapid  equilibrium  and  that  not  all  of  these 
conformationsareactive.  Ifthiswerethecase,ourpurification 
protocol  might  resolve  active  from  inactiveconfonners,th««by 
resulting  in  a  lower  than  expected  yield  of  protein.  In  this 
regard,  it  u  interesting  that  the  specific  activity  of  the  purified 

subunit  varies  from  one  preparation  to  the  next  by  up  to 
4-fold,  while  the  specific  activity  of  the  a  subunit  preparations 
appears  to  be  relatively  constant  (dau  not  shown).  Furtha- 
more,  the  total  bioluminescenoe  activity  of  a  subunit  prep¬ 
arations  increased  significantly  during  the  purification  (note 
the  194%  yield  of  a  subunit  activity  in  Table  I),  suggestive 
of  removal  of  an  inhibitor  or  convenion  from  an  inactive  to 
an  active  conformation.  At  this  time,  we  have  no  explanation 
for  the  variability  of  the  speciflc  activity  of  purified  0  subunit. 

Expressing  the  individual  Iuciferase  subunits  in  different 
cultures  permitted  purification  of  each  subunit  without  cmitact 
with  the  other,  thereby  eliminating  the  possibility  of  trace 
contamination  of  one  subunit  with  the  other.  By  resolving 
the  a  and  0  subunits  genetically,  it  has  been  possible  to  study 
each  subunit  in  the  absence  of  the  other  and  to  demonstrate 
that  both  subunits  express  flavin-  and  aldehyde-dependent 
bioluminescence  activity.  Both  subunits  were  inhiUted  by 
high  concentrations  of  aide  hyde,  as  was  the  heterodimer.  Like 
the  heterodimer,  both  subunits  had  a  Ka  for  the  protein- 
FMNH2  cmnplex  of  about  0.5  yM.  For  all  aldehyde  chain 
lengths  tested,  the  decay  of  bioluminescence  emission  from 
the  a  subunit  was  the  same  as  for  the  heterodimer,  whereas 
the  decay  of  light  for  the  0  subunit  was  slightly  slower.  These 
experiments  suggest  that  the  active  sites  formed  by  the  separate 
subunits  are  similar  to  that  of  the  heterodimer.  While  the 
active  site  of  the  heterodimer  has  been  shown  to  reside  primarily 
on  the  a  subunit  (Cline  A  Hastings,  1972;  Meighen  et  al., 
1971a,b;  Baldwin  t  Ziegler,  1992),  the  observation  of 
authentic  catalytic  activity  from  the  isolated  0  subunit 
demonstrates  that  the  0  subunit  must  also  have  a  similar  site. 


Sinclair  et  aL 

Whether  this  site  on  d  is  utilized  in  the  heterodimer  is  a  questioo 
that  is  open  to  delwte  (Baldwin  A  Zi^er,  1992).  It  is 
interesting  to  note  that  Vervoort  et  al.  (1986),  using  NMR 
methods,  have  found  two  flavin  binding  sites  per  oB,  one  of 
high  affinity  which  appears  to  be  the  active  site  and  one  of 
lower  affinity.  It  should  be  noted  that  we  cannot,  from  the 
experiments  presented  here,  distinguish  between  a  low  specific 
activity  from  all  moiecuies  subunit  or  a  higher  specific 
activity  fimn  a  smaller  fractim  of  the  total  molecules.  That 
is,  the  possibility  definitely  remains  that  the  activity  from  the 
individual  subunits  results  from  a  smaU  subpopulation  of  each 
subunit. 

As  an  initial  step  in  characterization  of  the  struaures  of  the 
individual  subunits  and  the  structures  of  the  subunits  in 
combination  as  they  form  iuciferase,  the  intrinsic  fluorescence 
and  the  circular  dichroism  of  the  individual  subunits  were 
compared  with  the  spectra  of  the  heterodimer.  If  the 
environment  of  the  eight  tryptophanyl  residues  [6  in  a  (0)hn 
etal.,  1985)and2inB(Johiutimetal.,  1986)]  and  the  tyn^yl 
residues  were  the  same  in  the  subunits  as  in  the  heterodimer, 
the  arithmetic  sum  of  the  spectra  of  the  subunite  would  be 
expected  to  yield  the  spectrum  of  the  heterodimer.  However, 
this  is  clearly  not  the  case:  the  fluorescence  emission  intensity 
of  the  a  subunit  is  substantially  greater  than  that  of  the 
beterodimer  (Figure  5c).  The  urea-induced  unfolding  of 
Iuciferase  monitored  by  intrinsic  fluorescence  under  equilib¬ 
rium  conditions  has  demonstrated  the  existence  of  a  het- 
erodimeric  intermediate  that  is  well-populated  at  equilibrium 
(Clark  et  al.,  1993).  This  nonnative  heterodimeric  species 
has  a  higher  fluorescence  than  the  native  hetmdimer, 
suggesting  that  the  fluorescence  of  the  tryptophanyl  residues 
in  the  native  structure  is  partially  quenched.  In  fact,  the 
fluorescence  per  tryptophanyl  residue  in  the  native  heterotUmer 
is  only  about  30%  of  the  fluorescence  of  BSA  at  equivalent 
concentrations  of  tryptophanyl  residues  (Waddle,  19M).  The 
wavelength  of  maximum  emission  is  the  same  for  the 
intermediate  as  for  the  native  beterodimer,  indicating  that 
the  tryptophanyl  residues  in  the  intermediate  have  not 
contam^  water  but  are  still  buried  in  the  hydrophobic  regions 
of  the  protein  (Clark  et  al.,  1993).  Likewise,  the  spectral 
properties  of  the  free  a  subunit  suggest  that  the  tryptophanyl 
residues  are  buried  and  that  interaction  with  the  0  subunit  to 
form  the  a0  structure  must  result  in  substantial  quenching  of 
the  intrinsic  fluorescence,  suggesting  that  the  structure  of  the 
free  a  subunit  more  closely  approximates  that  of  the  a  subunit 
in  the  intermediate  beterodimer  than  that  of  the  a  subunit  in 
the  native  beterodimer.  The  0  subunit  has  only  two  tryp¬ 
tophanyl  residues,  compared  with  6  for  the  a  subunit,  but  its 
fluorescence  intensity  is  about  8-foid  below  that  of  the  a  subunit 
(Waddle,  1990). 

The  sum  of  the  near-UV  circular  dichroism  spectra  of  the 
a  and  0  subunits  is  very  close  to  the  spectrum  of  the 
beterodimer.  The  differences  are,  however,  signiflcant  and 
consistent  with  the  observed  enhanced  fluorescence  of  the  a 
subunit  relative  to  that  of  the  heterodimer.  Such  experiments 
require  a  precise  determination  of  protein  concentration; 
confidence  in  the  sum  of  spectra  is  United  by  the  confidence 

in  the  concentrations  of  the  three  samples,  a  subunit,  B  subunit, 
and  Iuciferase.  In  this  case,  however,  there  is  not  only  a  slight 
difference  in  the  amplitude,  which  might  be  due  to  errors  in 
concentration  determination,  but  there  are  also  shifts  in  peak 
wavelength  in  the  region  of  the  spectrum  where  tryptophanyl 
residues  absorb  (Figure  5b).  In  the  far-UV,  likewise,  the 
spectra  sum  to  yield  a  spectrum  that  is  nearly  the  same  as  that 
of  the  beterodimer,  but  not  identical.  These  results  suggest 
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that  the  structures  of  the  two  subunits  as  they  fold  indepen¬ 
dently  are  very  nearly  the  same  as  the  structures  of  thesubuniu 
in  the  luciferase.  The  fluoresoenoe  and  near-UV  spectral 
probes  sample  the  regions  of  the  protein  in  the  vicinity  of  the 
aromatic  revues,  while  the  far-UV  samples  both  the  aromatic 
residue  environments  and  the  secondary  structure  assumed 
by  the  peptide  backbone. 

Investigation  of  the  effect  of  protein  concentration  on  the 
rate  of  recovery  of  theactive  heterodimmic  luciferase  following 
dilution  from  S  M  urea  demonstrated  several  features  of  the 
refolding  of  the  enzyme  (Ziegler  et  ai.,  1993;  Baldwin  et  al., 
1993).  At  low  protein  concentrations,  both  the  rau  of  recovery 
and  the  yield  of  recovery  were  reduced.  The  rate  of  recovery 
was  low  due  to  the  second-order  requirement  for  formation 
of  the  high  specific  activity  heterodimer.  The  reduced  yield 
of  active  enzyme  at  lower  protein  concentrations  was  attrilmted 
to  a  competing  first-order  ‘‘ofF-pathway”  foldiag  of  one  or 
both  of  the  individual  subunits  that  was  significant  only  at 
low  concentrations  when  the  second-order  heterodimer  as¬ 
sembly  step  was  slow.  At  higher  protein  concentrations  (^20 
iig/mL)  the  rate  of  formation  of  active  luciferase  appeared 
to  saturate,  which  together  with  other  evidence  suggested  the 
existence  of  a  first-order  (isomerization)  step  subsequent  to 
the  second-order  heterodimerization  step,  the  first-order  step 
becoming  rate  determining  when  the  assembly  step  is  fast 
(Ziegler  et  al.,  1993). 

When  the  subunits  separated  by  chromatography  in  S  M 
urea  were  refolded  separately  and  then  mixed,  there  was  only 
a  very  slight  increase  in  activity,  consistent  with  the  cmclusitm 
that  the  activation  barrier  between  the  dimerization  competent 
species  and  the  dimerization  incompetent  species  is  very  large 
and  that  there  is  little  interconvetsion  between  the  two  species 
(Baldwin  et  al.,  1993).  It  was  thus  not  surprising  that  mixing 
of  the  native  recombinant  a  and  0  subunits  (Figure  6)  did  not 
lead  to  formation  of  the  high  specific  activity  heterodimeric 
luciferase.  What  was  surprising  was  the  observation  that 
treatment  of  the  individual  native  subunits  with  5  M  urea, 
mixing,  and  SO-fold  dilution  from  the  urea  did  not  lead  to 
formation  of  the  active  form  of  luciferase.  The  conditimu 
employed  were  the  same  as  in  the  refolding  experiments 
des^bed  above,  which  yielded  >80%  active  heterodimer 
(Ziegleretal.,  1993;  Baldwin  etal.,  1993).  To  obtain  effideot 
refolding  of  the  a  and  0  subunits  to  form  the  a0  structure, 
a  stronger  denatuiant,  S  M  guanidine  HCl,  was  required. 
After  denaturation  in  S  M  guanidine  HCl  followed  by  dialysis 
against  buffer  containing  S  M  urea,  the  mixed  subunits  diluted 
50-fold  from  the  urea  refolded  to  form  luciferase  in  good  yield. 
This  result  sugfcsts  that  while  heterodimeric  luciferase  placed 
into  S  M  urea  unfoids  completely  and  rapidly  (Zi^er  et  a)., 
1 993),  the  native  subunits  treated  with  5  M  urea  do  not  unfold 
sufficiently  to  interact  upon  dilution  of  the  denaturant. 
However,  treatment  with  5  M  guanidine-HCI  apparently 
unfrfded  the  subunits  sufficiently  to  allow  assembly  of  the 
heterodimer  upon  dilution;  the  unfolded  subunits  remained 
unfolded  in  5  M  urea  during  the  dialysis  step.  Earlier 
experiments  involving  refolding  of  individual  subunits  from 
urea  indicated  that  the  0  subunit  assumes  a  conformation 
that  does  not  interact  with  folding  or  refolded  a  subunit,  while 
refolded  a  subunit  can  assemble  with  refolding  0  subunit 
(Baldwin  et  al.,  1993).  These  experiments  suggested  that  the 
0  subunit  might  be  resistant  to  unfolding  by  5  M  urea.  These 
results  are  consistent  with  the  earlier  suggestion  that  formation 
of  the  aaive  heterodimeric  luciferase  appears  to  comprise  a 
kinetic  trap  and  that  the  individual  subunits  have  available 
alternative  folding  pathways  that  yield  stable  struaures 
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(Sugihara  &  Baldwin,  1988).  The  alternative  subunit  struc¬ 
tures  are  similar  but  not  identical  to  the  subuniu  in  luciferase. 
and,  most  interestingly,  they  are  much  more  resistant  to 
unfolding  in  urea  than  is  the  native  luciferase.  Kinetic  control 
of  protein  folding  |vocesses  has  been  suggested  for  other 
systems  as  well  (Baker  et  al.,  1992;  Carrell  et  al.,  1991; 
Mottonen  et  al.,  1992),  and  Goldberg  (1985)  has  pelted  out 
that  kinetic  control  might  be  expected  when  kinetic  inter¬ 
mediates  are  detected. 
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INTRODUCnON 


We  have  undertaken  a  detailed,  multidimensional  investigation  of  the  kinetic  ntechanism  of 
the  bacterial  luciferase-catalyzed  reaction  (1-3).  Luciferase  is  a  heterodimeric  enzyme  with  a 
single  active  center  on  the  a  subunit.  While  the  individual  subunits  exhibit  low  but  authentic 
bioluminescence  activity  (4,  S),  the  active  form  of  the  enzyme  is  the  heterodimer.  The  3 
subunit  is  required  fcx*  the  high  quantum  yield  reaction,  but  its  precise  function  is  unknown  (6). 

Light  emission  from  the  enzyme  involves  reaction  of  FMNH2,  an  aliphatic  aldehyde  and  O2 
on  the  surface  of  the  enzyme  to  yield  an  excited  state  flavin  and  the  carboxylic  acid  (6).  One 
attxn  of  the  oxygen  is  found  in  the  product  caiboxylate  (7).  It  is  assumed  that  the  other  atom 
from  molecular  oxygen  is  convert^  to  water.  FMN  is  the  flavin  product  that  is  released 
following  ixoluminescence  (8).  It  is  known  that  the  reaction  proceeds  through  the  intermediacy 
of  the  C4a-peroxydihydroflavin  (9,  10)  which  can  be  distinguished  from  FMNH2  by  tl^ 
characteristic  absorbance  at  380  nm  (10).  The  formation  of  FMN  can  be  monitored  by 
absOTbance  at  445  nm.  Bioluminescence  resulting  from  formation  of  the  excited  flavin  species 
can  likewise  be  monitored.  The  lifetimes  of  singlet  excited  states  are  typically  in  the 
nanosecond  range  so  that  the  intensity  of  li^t  emission  at  any  time  is  proportional  to  the  rate  of 
fcvmation  of  the  excited  state.  It  has  been  proposed  that  the  emitter  in  the  bioluminescence 
reaction  is  die  C4a-hydroxyflavin  (1 1);  the  FMN  product  is  produced  by  dehydration  of  the 
C4a-hydroxyflavin. 

Several  chemical  mechanisms  for  the  reaction  of  FMNH2, 02  and  aldehyde  have  been 
proposed  (6,  12).  We  favor  a  mechanism  by  which  the  proposed  tetrahedral  intermediate 
formed  by  reaction  of  the  C4a-peroxyflavin  with  the  aldehyde  collapses  to  form  the  dioxirane 
and  the  C4a-hydroxyflavin  (13;  Fig.  1).  The  primary  excited  state  suggested  by  this 
mechanism  would  be  formed  on  the  caiboxylk;  acid  product  collapse  of  the  dioxirane.  The 
C4a-hydraxyflavin  would  become  excited  by  enogy  transfer  from  the  primary  excited  state.  In 
the  presence  of  lumazine  protein  (14)  or  yellow  fluorescence  protein  (IS),  the  secondary 
emitter  would  likewise  be  excited  by  energy  transfer. 

The  experiments  reported  here  comprise  a  detailed  investigation  trf*  the  kinetic  mechanism  of 
the  luciferase  catalyzed  reaction  (1-3).  All  measurements  were  made  under  conditions  of  25**, 
50  mM  Bis-Tris  HCl,  pH  7.0.  The  enzyme  concentration  was  maintained  at  75  liM  for  most 
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Figure  I.  Schematic  representation  of  the  reaction  of  the  flavin  C4a  peroxide  with  the 
aldehyde  substrate  to  yield  the  proposed  dioxirane  intermediate  and  the  C4a 
hydroxyflavin  from  a  tetrahedral  intermediate  (E‘*FMNHOOR  in  Scheme  I)  (13). 


experiments,  and  the  FMNH2.  aldehyde  and  O2  concentrations  were  varied.  The  highest  flavin 
concentration  used  was  IS  p.M.  Experimental  data  were  collected  with  a  stopped  flow 
spectrc^hotometer.  Rate  constants  were  determined  either  by  fitting  of  the  data  to  a  speciflc 
equation  or  by  simulation  using  KINSIM  (16).  Hie  enzyme  used  in  these  experiments  was 
purifled  fixxn  Escherichia  coli  carrying  die  luxAB  genes  fwm  Vibrio  harveyi  on  a  pUC-derived 
plasmid.  From  this  recombinant  plasmid,  we  have  been  able  to  isolate  about  1  gram  of 
luciferase  per  liter  of  culture  (17).  The  high  level  overproducdon  of  luciferase  was  essential  to 
the  completion  of  this  project,  since  the  complete  analysis  required  over  75  grams  of  enzyme. 
In  some  experiments,  mutant  forms  of  luciferase  having  mutations  at  position  106  of  the  a 
subunit  were  used.  These  mutant  luciferases,  aC106A,  aC106S  and  aC106V,  have  been 
described  previously  (17-19). 


RESULTS  AND  DISCUSSION 


Three  spectroscopic  signals  were  utilized  to 
determine  the  kinetic  mechanism  of  the  bacterial 
luciferase  reaction.  Absorbance  measurements  at  380 
nm  allowed  determination  of  the  formation  of  E- 
FMNHOOH  (10).  Emission  of  visible  light  allowed 
measurement  of  processes  occurring  following  addition 
of  the  aldehyde  substrate,  and  absorbance 
measurements  at  44S  nm  allowed  detection  of  FMN 
formation  from  decay  of  E-FMNH(X)H  or  from 
dehydration  of  the  pseudobase,  E-FMNHOH  (8,  11). 

The  time  courses  for  the  various  transformati<ms  were 
determined  as  a  function  of  the  concentration  of 
FMNH2,  O2,  aldehyde  and  enzyme.  The  minimal 
model  that  satisfies  die  complete  data  set  is  presented  in 
Scheme  L  The  rate  constants  presented  in  Table  I  were 
progressively  determined  by  fitting  of  the  data  to  rate 
equations  and  by  simulation  of  more  con^lex  reactions 
(1-3). 

The  reaction  of  FMNH2  with  O2  to  yield  FMN  and 
H2O2  in  the  absence  of  enzyme  was  monitored  at  380 
nm  and  at  445  nm.  The  data  were  fit  to  the  sum  of  two 
consecutive  first-order  reactions  (A->B->Q  where  the 
two  rate  constants  are  4.7  s'l  and  1 1.5  s'l;  ^e  wder  of 
the  two  rate  constants,  k2i  and  k23,  is  arbitrary. 

Formation  and  Decay  of  the  Peroxydihydroflavin 
Intermediate 

The  second-order  rate  constant  (ks)  for  the 
formation  E-FMNH(X)H  was  determined  by  mixing 
E-FMNH2  with  varying  concentrations  of  02-  The 
change  in  abtoibance  at  380  nm  could  be  fit  to  a  single 
exponential.  The  resulting  pseudo-first-order  rate 
constants  were  linearly  dependent  on  the  O2 
concentration  and  the  plot  passed  through  the  (xrigin, 
indicating  that  the  reaction  is  irreversible  and  that  O2 
apparently  does  not  bind  to  the  enzyme  prior  to 
reaction.  The  slope  of  the  linear  plot  gave  the  second- 
order  rate  constant  of  2.4*10^  M'Vl. 

The  rate  constants  for  formation  of  E-FMNH2  were  extracted  by  simulation  from  data 
obtained  by  mixing  of  either  enzyme  and  FMNH2  with  02  or  enzyme  and  O2  with  FMNH2. 
The  second  order  rate  constant  (ks)  for  reaction  of  E-FMNH2  witii  O2  was  known  from  the 
previous  experiments,  so  it  was  not  allowed  to  vary  in  the  simulations.  When  increasing 


Table  I:  Rate  Constants  and 
Equilibrium  Constants  for  the 
Model  in  Scheme  I* _ 


ki 

1.7  X  107  M-»  s-» 

k2 

1200  s-» 

k3 

200  s-l 

U 

14  s-» 

ks 

2.4  X  106  M-1  s*> 

k7b 

1.9x107M-»s-* 

k8‘> 

120  s* 

kph 

1.6  s-* 

kio** 

1.2  S-* 

ku‘> 

1.1  S'* 

kl3 

0.60  s-* 

ki5*» 

3.0x103  M-*s-* 

kld^ 

0.06  s-* 

kl7 

0.10  s-* 

ki9*> 

9.1  X  105  M-*  S-* 

k20'’ 

5.8  S-* 

k21 

4.7  S-* 

k23 

11.5  S-* 

k25*’ 

1.2x106M-*s-* 

k26*’ 

37  s-* 

k27*> 

5.1  X  104  M-1  s-1 

k33® 

7.7  X  104  M-*  S-* 

K3f  . 

0.004  S-* 

Kid 

3.9x103  M-* 

K2d 

6.1x103  M-* 

M _ 

3.5  X  104  M-1 

*Detennined  at  pH  7.0, 25%. 
^Deterniined  with  n-decanal. 


'^Detennined  with  ii.<lecanol. 
^uilibrium  constants  detennined  with 
»-decanol. _ 


concentrations  of  air-equilibrated  enzyme  were  mixed  with  FMNH2,  the  rate  constant  for 
formation  of  E-FMNHOOH  reached  a  limidng  value  of  about  85  s'^  significantly  below  that 
observed  when  E-FMNH2  was  mixed  directly  with  02-  These  results  denwnstrate  that  the 
initial  complex  of  E-FMNHi  does  not  react  dirKtly  with  O2  until  after  a  unimolecular  reaction 
occurs  yielding  E'-FMNH2.  The  rate  constants  ki,  k2,  ks,  and  k4  presented  in  Table  I  allowed 
the  best  simulation  of  the  experimental  data  with  the  value  of  ks  fixed  at  2.4*10'^  M'^s'l. 

The  decay  of  E-FMNHOOH  to  yield  FMN  was  monitored  by  absorbance  at  445  nm.  The 
time  course  following  mixing  of  luciferase  (75  |iM)  and  FMNH2  (15  pM)  with  O2  (120  pM) 
fit  a  single  exponential  with  a  rate  constant  of  0.10  s'l  (kn  in  Scheme  I).  The  formation  of  E- 
FMNH(X)H  is  complete  within  10  ms  under  most  experimental  conditions.  By  comparison, 
the  decay  to  yield  FMN  occurs  on  a  time  scale  of  many  seconds. 

Binding  of  Aldehyde  to  the  Various  Enzyme  Species 

In  the  presence  of  n -decanal,  light 
emission  is  observed  (Fig.  2).  In  the 
range  up  to  about  5(X)  pM  n-decanal, 
increased  aldehyde  results  in  increased 
light  emission  when  aldehyde  and  O2  are  ^ 
mixed  with  E-FMNH2.  When  the  ! 
reagents  are  mixed,  light  emission  rises  I 

rapidly  to  a  peak  and  then  decays  £ 

exponentially  over  a  period  of  several  ' 
seconds.  The  decay  rate  is  strongly 
dependent  on  the  chainlength  of  the 
aldehyde  and  the  source  of  the  enzyme 

(6,  12).  Figure  2.  Effect  of  concentration  of  n-decanal  on 

When  the  reactions  described  above  the  peak  light  emission  from  reactions  initiated  by 
were  carried  out  in  the  presence  of  n-  mixing  E-FMNH2  with  aldehyde  and  O2.  The 
decanal,  numerous  alterations  were  conwntrations  were  30  pM  (•),  40  pM  (O 
observed  in  the  reaction  time  courses.  (  )  an  5  p  (  ). 

When  enzyme,  FMNH2  and  aldehyde  were  mixed  with  O2,  the  formation  of  E-FMNHOOH 
appeared  biphasic  at  intermediate  aldehyde  concentrations,  and  could  be  fit  to  the  sum  of  two 
exponentials;  at  very  low  concentrations  of  aldehyde,  the  time  course  approached  that  observed 
in  the  absence  of  aldehyde,  while  at  very  high  aldehyde  concentradon,  Ae  rate  of  formation  of 
E-FMNHOOH  was  again  monophasic,  but  much  slower  (Fig.  3A).  This  observation 
suggested  the  existence  of  a  ternary  complex  E'-FMNH2-RCHO  that  reacts  more  slowly  with 
O2  than  the  binary  complex  E'-FMNH2.  The  equilibrium  constant  for  the  formation  of  the 
ternary  complex  from  E'-FMNH2  and  the  associated  rate  constants  were  determined  by 
analysis  of  the  formation  of  the  380  nm  chromophore  as  a  function  of  n-decanal  concentration. 
The  same  experiment  done  at  constant  enzyme  (75  pM),  FMNH2  (15  pM)  and  n-decanal  (500 
pM)  with  O2  varying  from  120  pM  to  6(X)  pM  allowed  determination  of  the  second-order  rate 
constant  for  reaction  of  the  ternary  complex  with  O2.  This  reaction  (k27)  appeared  to  be  about 
100-fold  slower  than  the  reaction  of  O2  with  the  tnnary  complex. 
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Figure  3.  Effect  of  concentration  of  n-decanal  on  the  time  course  of  formation  of  the  380  nm 
chromophore.  Panel  A  shows  the  %  absorbaiKe  change  versus  time  for  reactions  in  which 
enzyme.  FMNH2  and  various  concentrations  of  aldehyde  were  mixed  with  02-containing  buffer. 
The  solid  line  represent  the  reaction  with  no  aldehyde,  the  long  dashed  line  is  for  10  pM  e- 
decaiial.  the  intermediate  dashed  line  is  for  100  pM  n-decanal,  and  the  short  dashed  line  is  for 
400  pM  A-decanal.  Panel  B  shows  the  effect  of  n-decanal  concentration  on  the  relative 
amplitudes  of  the  fast  phase  (open  symbols)  and  the  slow  phase  (filled  symbols)  of  the  reactions 
depicted  in  Panel  B. 


Measurement  of  bioluminescence  following  mixing  of  enzyme,  FMNH2, 02  aldehyde 
allowed  investigation  of  the  processes  from  aldehyde  binding  through  the  formation  of  E- 
FMNHOH  (ky  through  kii).  In  addition,  these  measurements  demonstrated  the  binding  of 
aldehyde  to  the  free  enzyme  (ki9  and  k2o)  and  confirmed  the  binding  of  aldehyde  to  E'* 
FMNH2  to  ftxm  the  tentaiy  complex  E'-FMNH2-RCHO.  When  E'-FMNH2  was  mixed  with 
air-equilibrated  aldehyde,  light  emissicm  increased  to  a  maximum  about  1  s  after  mixing  and 
decayed  exponentially  over  the  next  10  s.  The  peak  intensity  increased  as  the  aldehyde 
conceniradon  was  increased  up  to  about  100  pM,  remaining  constant  thereafter.  However, 
when  enzyme,  aldehyde  and  O2  were  mixed  with  FMNH2,  the  peak  light  intensity  decreased  at 
aldehyde  concentrations  above  about  100  pM.  This  phenomenon  has  been  described  as 
aldehyde  inhibition  (20),  and  is  strongly  dependent  upon  the  chainlength  of  the  aldehyde. 
Inhibition  is  virtually  absent  with  ii-heptanal  and  becomes  progressively  more  pronounced  as 
the  aldehyde  chainlengtfi  is  increased.  This  behavitn-  ^>pears  to  be  due  to  binding  of  aldehyde 
to  the  enzyme  10  form  a  binary  E-RCHO  complex  that  does  not  bind  FMNH2  (Fig-  4).  The 
inhibition  reflects  the  reaction  of  FMNH2  with  O2  in  solutitm,  a  competing  process  that 
consumes  FMNH2  that  would  otherwise  retu:t  on  the  surface  of  the  enzyme.  The  order  of 
addition  is  therefore  crucial  to  the  process  ci  inhibition.  If  E'-FMNH2  is  mixed  with  air 
equilibrated  aldehyde,  aldehyde  inhibition  is  not  observed,  since  O2  reacts  quickly  witii  the 
flavin  on  the  surface  of  the  enzyme. 

The  ftnmation  of  the  pr^uct  FMN  following  dehydration  of  the  pseudobase,  E'- 
FMNHCXl,  was  detected  by  measurement  of  abstxrbance  at  445  nm.  Hxed  concentrations  of 
enzyme  (75  pM)  and  FMNH2  (15  pM)  were  mixed  witii  various  concentrations  of  air 
equilibrated  n-decanal.  At  low  concentrations  of  aldehyde,  the  formation  of  FMN  was 
essentially  complete  after  about  15  s,  while  in  the  presence  of  5(X)  pM  n-decanal,  the  reaction 
became  dstinctly  biphasic,  with  a  fast  phase  with  the  same  rate  as  that  observed  in  low 
aldehyde  concentrations,  and  a  slow  pluiM  that  continued  to  change  after  50  s.  These  obser- 


vations  suggest  that  aldehyde  binds  to  E'-FMNHOH  and  prevents  dehydration  of  the 
pseudobase  (ki5  and  ki6)- 
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Figure  4.  Effect  of  order  of  addition  and  aldehyde  chainlength  on  aldehyde  substrate 
inhibition.  In  Panel  A.  reactions  were  initiated  by  mixing  enzyme,  aldehyde  and  O2  with 
FMNH2.  In  Panel  B,  reactions  were  initiated  by  mixing  enzyme  and  FMNH2  with  altkhyde 
and  O2.  Filled  circles  represent  the  relative  peak  light  emission  with  n-heptanal  as  substrate 
and  open  circles  represent  relative  peak  light  intensity  with  n-undecanal  as  substrate.  The 
symbols  represent  the  experimental  data  and  the  lines  were  calculated  based  on  the  rate 
constants  given  in  Table  L 

Mode  of  Binding  of  Aliphatic  Inhibitors 

Luciferase  is  known  to  be  inhibited  by  a  variety  of  aliphatic  compounds  (21-23),  including 
/t-alkyl  alcohols,  carboxylic  acids,  amines  and  trifluoromethylketones.  We  have  determined 
the  effects  of  these  compounds  on  the  rate  of  formation  of  E-FMNHOOH  (absorbance  at  380 
nm  following  mixing  of  E-FMNH2  ±  inhibits  with  O2)  and  on  the  rate  of  formation  of  FMN 
from  E-FMNHOOH  (absorbance  at  445  nm  following  mixing  of  E-FMNH2  ±  inhibitor  with 
O2  ±  inhibitor).  The  results  of  these  experiments  (3)  demonstrate  that  the  aliphatic  inhibittvs 
decrease  the  rate  of  reaction  of  O2  with  enzyme-bound  FMNH2  in  the  same  mannor  as  the 
aldehyde  substrates,  suggesting  that  the  mode  of  inhibition  by  these  compounds  is  similar  to 
aldehyde  substrate  inhibition.  Furthermore,  these  compounds  decrease  the  rate  with  which  the 
E-FMNHOOH  intennediate  decays  to  FMN  and  H2O2,  demonstrating  the  existence  of  a 
ternary  complex  of  E-FMNHOOH-inhibitor.  Tu  has  demonstrated  that  n-decyl  alcohol  has  a 
strong  staUlizmg  influence  on  E-FMNHOOH  and  has  used  n-decyl  alcohol  as  a  buffer  additive 
for  isolation  of  E-FMNHOOH  by  column  chromatography  (22).  Aldehyde  binding  to  E- 
FMNHOH  appears  to  stabilize  the  product  complex  and  prevent  or  slow  the  dehydration 
reaction  (ki3,  ki5  and  ki6);  inhibitor  binding  to  E-FMNH(X>H  appears  to  exert  a  similar 
influence. 

Effect  of  Mutations  at  alOtion  the  Enzyme-Catalyzed  Reaction 

Luciferase  is  known  to  possess  an  "essential"  thiol  (24)  that  resides  at  position  alOti  (25). 
Modification  oS  this  residue  with  even  the  very  small  nonpolar  -SCH3  group  renders  the 
enzyme  inactive  (26).  By  site-directed  mutagenesis,  we  demonstrated  that  this  thiol  is  not 


essential  for  activity  (18).  The  aC106S.  aC106A  and  aC106V  variants  were  created  and  the 
enzymes  analyzed  ami  shown  to  be  active  in  the  bioluminescence  reaction  (17);  the  aC106S 
variant  had  essentially  wild-type  activity  and  appeared  to  be  less  sensitive  to  aldehyde  substrate 
inhibition  than  the  wild-type  enzyme,  implying  that  the  nKxle  of  inhibition  might  be  through 
formation  of  a  thiohemiacetal  (18),  an  hypothesis  that  we  have  since  discounted  (17).  The 
same  mutant  luciferases  have  been  studied  in  the  laboratory  of  Tu  (19)  confirming  the 
conclusion  that  the  al06  cysteinyl  residue  is  not  essential  for  bioluminescence  activity.  Xi  et 
al.  (19)  studied  the  reaction  of  the  valine  mutant  with  FMNH2  and  O2  and  concluded  that  the 
mutation  converted  luciferase  from  a  flavin  monooxygenase  to  a  flavin  oxidase.  We  have 
demonstrated  that  with  the  valine  mutant,  the  E-FMNHOOH  intermediate  forms  at  essentially 
the  same  rate  as  fw  the  wild-^pe  (2).  disproving  the  hypothesis  of  a  mechanistic  switch.  The 
aClOdV  enzyme,  however,  exhibits  a  reduced  bioluminescence  quantum  yield  due  to  a  greatly 
increased  (>100  fold)  rate  of  decay  of  the  E-FMNHOOH  intermediate  to  yield  FMN  and  H2O2 
(kn)  (2).  The  instability  of  the  C4a-hydroperoxyflavin  intermediate  for  the  valine  mutant  (2) 
pr^bly  accounts  for  the  results  of  Xi  et  al.  (19). 

CONCLUSIONS 


The  results  of  these  studies  (1-3)  comprise  a  set  of  rate  constants  defining  the  primary 
reactions  catalyzed  by  the  bacterial  luciferase  from  Vibrio  harveyi.  These  rate  constants  were 
determined  under  a  single  set  of  well-defined  experimental  conditions.  It  is  clear  from  the 
complexity  of  the  reaction  that  few  valid  conclusions  can  be  drawn  about  the  effects  of 
inhiUtors,  mutations,  buffCT  conditions,  etc.,  on  the  reaction  without  performing  a  detailed 
kinetic  analysis.  The  discovery  of  an  isomerization  of  the  E-FMNH2  complex  to  yield  the  02- 
reactive  E'-FMNH2  was  unexpected,  but  is  consistent  with  reports  of  a  two  step  mechanism 
for  binding  of  FMNH2  to  the  enzyme  of  Photobacterium  phosphoreum  (27)  and  a 
conformational  dumge  that  occurs  in  die  Vibrio  harveyi  enzyme  during  die  catalytic  cycle  (28). 

The  mechanism  of  aldehyde  substrate  inhibition  appears  to  reside  simply  in  the  ordered 
binding  of  substrates  (1-3).  If  enzyme  and  aldehyde  are  nuxed  priOT  to  addition  of  FMNH2, 
FMNH2  binding  cannot  ocov  until  after  aldehyde  release.  The  inhibition  isdue  to  loss  of  the 
free  FMNH2  to  reaction  with  O2  prior  to  binding  to  the  enzyme.  Formation  of  the  ternary 
complex  E-FMNH2-RCHO  reduces  the  rate  of  formation  of  E-FMNH(X)H,  but  does  not 
greatly  reduce  the  bioluminescence  quantum  yield.  Oxygen  can  react  directly  with  the 
coii^lex,  albeit  at  a  reduced  rate,  and  if  the  aldehyde  temporarily  dissociates,  O2  can  react  witii 
the  E'-FMNH2  very  rapidly  (1). 

The  rate  constants  shown  in  Table  I  allow  simulation  with  high  precision  of  the  various 
reaction  time  courses  that  occur  on  the  V.  harveyi  enzyme.  These  results  should  serve  as  a 
foundation  fixr  investigations  into  the  details  of  the  chemical  mechanism  of  bacterial  luciferase. 
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Introduction 


Bacterial  luciferase  is  a  heterodimeric  enzyme  (a^)  with  a  single  active  center  that  resides 
primarily  if  not  exclusively  on  the  a  subunit  (1. 2).  The  role  of  the  ^  subunit  is  not  known, 
but  it  is  required  for  the  high  quantum  yield  of  the  bioluminescence  reaction.  The  individual 
a  and  P  subunits  exhibit  an  authentic  bioluminescence  activity  with  a  very  low  quantum 
efficiency  (3, 4).  Over  20  years  ago,  Hastings  and  colleagues  demonstrated  that  the  a  and  p 
subunits  could  be  resolved  by  anion  exchange  chromatography  in  urea-containing  buffers  (S, 
6).  Mixing  of  the  subunits  and  dilution  of  the  urea  result^  in  renaturation  of  the  enzyme, 
llie  low  level  of  bioluminescence  activity  obsnved  upon  refolding  of  the  individual  subunits 
was  attributed  to  incomplete  chromatographic  resolution  of  the  suburtits  (5).  More  recently, 
we  expressed  the  two  subunits  independratly  from  recombinant  plasmids  in  cultures  of 
Escherichia  caU  (7).  We  weresurptis^  to  find  that  (a)  the  individual  subunits  do  exhibit  low 
but  authentic  bioluminescence  activity  (3, 4),  and  that  (b)  mixing  of  the  a  and  P  subunits 
produced  in  squuate  cultures  of  £  coU  did  not  lead  to  formi^on  of  the  biologically  active  op 
helerodimer,  even  after  prolonged  incubation,  indicating  that  proper  assembly  of  of  aP 
requires  folding  in  the  same  cell  (4, 7).  Following  unfolding  of  the  a  and  P  subunits  wiA 
urea  or  guanidine  HCl,  the  subunits  recombined  upon  dilution  of  the  denaturant, 
demonsttitfiiif  the  covalent  integrity  of  dm  recombinant  subunits.  These  observations 
suggested  dutt  die  formation  of  the  heterodimn’  in  vivo  might  constitute  a  kinedc  trtqi  (8); 
under  conditions  of  folding  that  preclude  heterodimerizadon,  an  alternative  structute(s) 
appears  to  form  that  is  not  in  equilibrium  with  the  conformations  of  the  subunits  that  interact 
to  form  the  heterodimer.  To  test  this  hypothesis,  we  have  undertaken  an  analysis  of  the 
folding  and  assembly  of  the  luciferase  enzyme  by  both  equilibrium  and  kinetic  techniques  (4, 
9-1 1).  We  have  used  both  the  wild-type  ludfeiase  and  mutants  at  position  pD313  that  exhibit 
a  strong  kinetic  defect  in  the  reftdding  reaction.  We  conclude  that  our  hyptxhesis  was  correct: 
the  P  subunit,  when  allowed  to  fold  independendy  of  a,  forms  a  hyperstable  P2  structure  that 
does  not  unfold  in  S  M  urea.  The  structure  of  the  carboxyl  terminal  region  of  the  P  subunit 
appears  to  {day  acritical  nde  in  the  process  of  both  heterodmerizatitNi  and  homodimerization, 
but  it  has  little  or  no  effect  on  the  structure,  stability  or  activity  of  the  heterodimo’  once  it  is 
formed.  These  observations  suggest  that  the  native  form  of  a  protein  need  not  be  at  a  global 


en^y  miniinum.  Rather,  it  would  ^>pear  that  the  native  structure  of  a  protein  mu^  be 
kinetically  accessible  and  possess  sufficient  conformational  stability  to  exist  on  a  biological 
timescale. 


Results  and  Discussion 

When  bactOTal  luciferase  from  Vibrio  harveyi  is  placed  in  S  M  urea.  SO  mM  pho^^te, 
pH  7.0  and  18**.  denaturation  is  complete  within  a  few  seconds.  The  unfolded  protein  has  no 
detectable  bioluminescence  activity  and  a  far  UV  circular  dichroism  spectrum  indicative  of  a 
random  structure  (9).  Rapid  SO-fold  dilution  of  the  unfolded  protein  into  buffer  without  uiea 
with  a  final  protein  concentration  of  5-2S  pg/ml  leads  to  refolding  of  active  enzyme  with  a 
high  yield  (9;  Fig.  1).  At  concentrations  above  SO  pg/ml.  the  yields  are  reduced  due  to 
aggregation,  while  at  low  concentrations,  the  yield  is  compromised  due  to  apparent 
competing  folding  reactions  of  the  individual  subunits  (9,  10).  The  latter  observation  is 
consistent  with  the  inability  of  individual  subunits  produced  from  recombinant  plasmids  to 
associate  to  form  the  active  heterodimer  (4. 7).  One  would  expect  each  individual  subunit  to 
fold  into  a  heterodimerization-incompetent  form  similar  to  th^  formed  upon  folding  in  vivo. 
Under  dilute  refolding  conditions,  the  first  order  processes  involving  the  individual  subunits 
would  become  apparent,  whereas  at  higher  concentrations,  the  second  order 
hetercxtiinerizatioa  process  would  predominate. 


Tim*  (min)  Tim*  (min) 


Figure  /.  Ttae  courses  for  the  recovery  of  luciferase  activity  following  50-fold  dilution  of 
pr^n  from  5  M  urea  imo  SO  mM  pho^rfiate,  pH  7.0.  18*.  Both  panels  de^a  the  results  of 
the  same  experiments,  but  with  different  time  axes.  Each  data  point  represents  a  ringle  enzyme 
activity  detarminatlon  in  which  an  aliquot  of  the  refolding  reaction  mix  was  diluted  imo  assay 
buffer  and  tiie  luciferase  activity  determined  by  r^)ld  injection  of  FMNH2.  Rtfol^ng  reactions 
tyitically  were  monitored  for  a  period  of  20-24  hours.  The  solid  lines  are  calculated  time 
courses  based  on  the  kinetic  model  and  rate  constants  given  in  Figure  2.  Each  curve  was 
calculated  wife  the  same  s^  of  rate  constants  but  different  pnMein  concentrations.  The  final 
protein  concentrations  were  1.0  fig/ml  (•).  2.0  pg/ml  (■).  4.0  pg/mi  (♦),  10  pg/ml  (A).  25 
jigfml  (X).  and  50  pg/ml  (-f). 

When  the  unfolded  protein  was  diluted  into  buffer  and  luciferase  activity  followed  as  a 
function  of  time,  a  lag  phase  of  about  3-4  min  was  observed  that  did  not  change  significantly 
with  protein  concentration  (9).  Following  the  lag.  fee  enzyme  activity  increased  at  a  rate  that 
was  strongly  dependent  on  the  protein  concentration  up  to  10-20  jig/ml  (9).  At  lower 


concentrations,  the  rate  of  recovery  of  enzyme  activity  appeared  to  be  limited  by  the  second 
order  rate  of  association  of  the  a  and  p  subunits.  However,  at  higher  concentrations,  the  rate 
became  independent  of  protein  concentration,  suggesting  that  a  first  order  step  following 
heterodimerization  was  rate  limiting.  To  test  this  possibility,  we  initiated  a  refolding  reaction 
at  50  lig/ml,  and  after  6  min,  diluted  the  refolding  protein  10  fold  to  a  fmal  concentration  of  S 
4g/ml  (9).  At  the  higher  concentration,  the  rate  of  recovery  was  concentration-independent, 
while  at  5  txg/ml,  the  rate  was  strongly  concentration  dependent  When  the  refolding  protein 
was  diluted  to  the  lower  concentration,  the  refolding  reaction  continued  at  the  same  (fast)  rate 
for  a  period  of  about  1  min  before  slowing  to  the  rate  expected  for  protein  refolding  at  S 
^g/ml.  This  observation  demonstrated  the  existence  of  an  inactive  heterodimeric  species  on 
the  folding  pathway.  The  inactive  heterodimer  formed  quickly  at  the  high  protein 
concentration  and  slowly  isomerized  to  the  active  conformation.  Upon  dilution,  this  process 
continued  until  the  concentration  of  the  intermediate  decreased  to  a  level  at  which  the  overall 
rate  became  limited  by  the  rate  with  which  the  a  and  P  subunits  interacted  to  form  the 
intermediate. 

When  the  a  and  P  subunits  were  separated  by  anion  exchange  chromatography  in  urea- 
containing  buffers  and  allowed  to  refold  separately  (10),  several  interesting  features  emerged. 
First,  if  the  subunits  were  allowed  to  refold  for  4  min  or  more  prior  to  mixing,  no  lag  was 
observed,  indicating  that  the  lag  is  due  to  first  order  folding  steps  involving  the  individual 
subunits.  Second,  if  the  subunits  were  allowed  to  refold  overnight  prior  to  mixing, 
essentially  no  active  luciferase  was  formed.  This  observation  was  consistent  with  the 
observed  decrease  in  yield  at  low  refolding  concentrations,  discussed  above,  and  the  reported 
inability  of  the  subunits  from  recombinant  E.  coU  to  assemble  (4, 7). 

To  better  understand  the  cause  for  the  failure  of  the  subunits  produced  independently  in 
£.  coti  to  assemble,  we  have  purified  and  studied  subunits  from  that  source  (4).  The  separate 
subunits  have  circular  dichroism  spectra  in  the  near  ultraviolet  which  are  indicative  of  packing 
of  the  aromatic  residues,  and  far  ultraviolet  spectra  indicative  of  well-ordered  secondary 
structure.  Comparison  of  the  sum  of  the  sp^tra  of  the  two  subunits  with  that  of  the 
heterodimer  (4)  indicates  that  the  secondary  and  tertiary  structures  of  the  separate  subunits  are 
similar  to  the  structures  in  the  heterodimer.  Comparison  of  the  intrinsic  fluorescence  of  the 
individual  subunits  with  that  of  the  heterodimer  indicates  some  alteration  in  the  environmrat 
of  several  tryptophanyl  residues  (4).  The  a  subunit  has  6  tryptophanyl  residues  (12)  and  the 
P  subunit  has  2  (13).  The  intrinsic  fluorescence  of  the  P  subunit  is  extremely  low,  indicating 
a  stnmg  queadung  of  the  fluorescence  in  the  folded  protein,  while  the  intrinsic  fluorescence 
of  the  a  subunit  is  about  twice  that  of  the  ocP  enzyme,  demonstrating  that  the  final  packing 
residues  widiin  the  heterodimer  results  in  significant  quenching  of  the  fluorescence  of 
tryptophanyl  residues  within  the  a  subunit  (4). 

Subunits  from  luciferase,  separated  by  column  chromatogr^hy  in  urea  and  refolded 
independently  by  dilution  from  the  urea,  had  circular  dichroism  spectra  identical  to  those  of 
the  recombinant  subunits.  However,  when  die  recombinant  P  subunit  was  placed  in  5  M 
urea,  it  did  not  unfold,  as  shown  by  the  fact  that  the  CD  spectrum  did  not  change.  The  a 
subunit,  however,  unfolded  rapidly  in  5  M  urea.  Unfolding  of  the  P  subunit  did  occur  in  6 
M  guanidine  HQ  (4);  when  the  P  subunit  unfoltted  in  6  M  guanidine  (KH  was  dialyzed  into  5 
M  urea,  it  remained  unfolded.  Dilution  into  buffer  resulted  in  refolding  into  a  structure  that 
was  stable  in  S  M  urea. 


The  strong  hysteresis  in  the  unfolding  and  refolding  of  the  ^  subunit  is  cleariy  indicated 
in  the  rate  constants  for  the  process.  When  unfolded  P  subunit  is  diluted  into  buffer 
containing  a  subunit,  it  will  fold  with  a  to  form  active  enzyme  (10).  If  a  subunit  is  added  to 
tlM  refolding  p  at  various  times,  the  amount  of  available  ^  subunit  decreases  dramatically 
over  a  period  of  hours.  The  rate  of  loss  of  heterodimerization-competent  p  subunit  is  second 
order,  suggesting  the  possibility  of  a  homodimerizadon  process.  Likewise,  the  formation  of 
the  urea-stable  form  of  the  P  subunit,  monitored  by  circular  dichroism  in  S  M  urea,  following 
dilution  from  urea  is  second  order,  with  an  apparent  second-order  rate  constant  very  similar 
to  that  for  loss  of  heterodimerization  competence.  Recombinant  P  subunit  was  analyzed  by 
analytical  ultracentrifugation  and  found  to  be  a  dimer,  as  suggested  by  the  kinetics  of 
formation  of  the  heterodimerization  incompetent  species.  The  a  subunit,  however,  appears 
to  be  monomeric. 

These  observations  offer  an  explanation  for  the  inability  of  the  recombinant  subunits  to 
assemble  into  the  heterodimeric  structure.  Hie  3  subunit  forms  a  stable  homodimer  that  is 
not  available  for  interaction  with  the  a  subunit  The  formation  of  the  active  a3  structure 
appears  to  be  kinetically  preferred,  but  in  the  absence  of  a,  3  will  self-associate  in  a  very 
slow  reaction  to  form  a  homodimer  that  is  stable  indefinitely  in  S  M  urea. 

Under  equilibrium  conditions,  we  have  ^own  that  the  luciferase  unfolds  by  a  three  state 
process  (11).  When  luciferase  is  introduced  into  urea-containing  buffers  (0-6  M)  and 
allowed  to  incubate  at  18**  for  24  hours,  the  protein  at  high  concentrations  of  urea  appears  to 
be  completely  unfolded  as  determined  by  fluorescence  and  circular  dichroism.  At 
intermedate  urea  concentrations  (ca.  2.5  M)  an  intermediate  structure  is  formed  in  high  yield 
that  is  heterodimeric  but  inactive,  has  a  reduced  negative  CD  signal  at  222  nm,  and  has  an 
increased  intrinsic  fluorescence  (11).  The  conversion  from  the  native  protein  into  this 
intermediate  is  independent  of  the  protein  concentration,  but  the  conversion  from  this 
intermediate  to  the  unfolded  state  is  concentration  dependent  (11).  We  have  therefore 
proposed  a  three-step  unfolding  mechanism;  the  equilibrium  constant  at  18°,  SO  mM 
phosphate,  pH  7.0  for  the  a3->a3i  interconversion  was  determined  to  be  4  x  10^,  and  for 
the  a3i->a  +  3  equilibrium,  1.6  x  10*^^  M.  The  overall  equilibrium  constant  for  the 
unfolding  reaction  under  these  conditions  was  6.4  x  lO*^^  M. 
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Figure  2.  Kineuc  model  for  the  folding  and  assembly 
of  the  subunits  of  bacterial  luciferase.  The  rate  form  the  active  heterodimer  a3.  The 

constants  were  determined  by  a  combination  of  direct  subunit  species  oti  appears  to  be  the 

of  the  form  ofa  that  is  isolated  dirccUy  from 

refolding  data  presented  in  Rgure  1  (9).  i  .  r  r>  i-  .u  *  t  a 

lysates  of  E.  coU  that  carry  the  luxA 

gene  (4).  The  rate  constant  for  the  first  ortter  process  au~->cq,  which  undoubtedly  involves 

numerous  steps,  was  estimated  as  the  rate  constant  for  the  slowest  step  in  the  formation  of  the 


folding  and  assembly  of  the  V. 
harveyi  luciferase  subunits  is 
presented  in  Fig.  2.  The  species  au 
and  3u  indicate  the  unfolded  subunits 
which  refold  through  first  order 
processes  to  form  structures,  oq  and 
3i.  that  can  associate  to  form  the 
inactive  heterodimer  a3i-  The 
inactive  heterodimer  isomerizes  to 


native  circular  dichroism  signal  at  222  nm  (Chaffotte,  Ziegler  and  Baldwin,  unpublished). 
Likewise,  the  rate  constant  for  the  process  was  estimated  from  stopp^-flow  CD 

measurements.  The  estimates  of  these  rate  constants  were  then  varied  from  the  measured 
values  to  allow  an  optimal  fit  to  the  lag  observed  in  the  experimental  data  for  recovery  of 
activity  following  dilution  from  urea  (Fig.  1)  (9).  The  fmal  values  giving  the  best  fits  to  the 
experimental  data  were  very  close  to  the  values  determined  from  the  CD  kinetic  data.  The 
first  order  rate  constant  for  the  isomerization  was  initially  estimated  from  the 

kinetics  of  the  shift  that  occurred  in  the  rate  of  formation  of  ot^  upon  dilution  from  SO  pg/ml 
to  5  pg/ml  (9).  The  rate  constant  was  then  varied  to  obtain  the  optimum  fit  to  the 
experimental  data,  including  the  secondary  dilution  experiments.  The  second  order  rate 
constant  for  the  homodimerization  of  the  ^  subunit  was  measured  using  two  approaches. 
First,  the  rate  with  which  refolding  p  subunit  became  heterodimerization-incompetent  was 
determined  over  a  range  of  concentrations  and  the  data  fit  to  a  second  order  mechanism. 
Second,  the  rate  with  which  refolding  ^  subunit  formed  the  S  M  urea-insensitive  structure 
was  determined  over  a  range  of  concentrations  and  the  data  fit  to  a  second  order  mechanism. 
Both  approaches  gave  similar  values  for  the  second  order  rate  constant.  The 
heterodimerization  rate  constant  was  determiiwd  by  simulation.  Whra  we  attempted  to  flt  the 
data  presented  in  Figure  1  using  these  S  rate  constants,  we  were  able  to  simulate  the  early  and 
intermediate  portions  of  the  curves  quite  satisfactorily,  but  at  later  times,  the  simulations 
invariably  continued  to  give  a  slow  increase  in  activity  that  was  not  demonstrated  by  the  data. 
To  account  for  the  flattening  of  the  time  courses  of  activity  recovery  at  later  times  of 
refolding,  we  have  introduced  a  first  ortter  conversion  of  a  monomeric  form  of  ^ 
subunit  that  is  incompetent  to  heterodimeiize.  With  the  addition  of  this  step,  we  have  been 
able  to  fit  the  experimental  data  quite  well  (Ing.  1).  It  is  this  proposed  first-order  step  that 
results  in  reduced  yield  of  active  enzyme  at  lower  protein  concentrations.  The  variance  of  the 
SO  pg/ml  data  from  the  simulation  is  due,  we  believe,  to  aggregation  of  folding  intermediates 
that  occurs  at  the  higher  protein  concentrations,  which  has  not  been  incorporated  into  Fig.  2. 

Sugihara  and  Baldwin  (8)  have  described  P  subunit  termination  mutants  that  appear  to 
fold  and  assemble  correctly  at  lower  (empeiatures  into  proteins  that  have  normal  activity  and 
stability,  but  at  higher  temperatures  fml  to  assemble Jnto  the  heterodimer.  Based  on  the 
properties  of  these  mutants,  it  was  propos^  thtt  the  carboxyl-terminal  regibhlif  the  ^ 
subunit  must  play  a  critical  role  in  the  folding  and  assembly  reaction,  but  have  little  or  no 
effect  on  the  activity  or  stability  of  the  successfully  folded  product  (8).  We  have  designed  a 
series  of  mutants  at  position  ^313  based  on  the  original  termination  mutants.  The  mutants, 
PD313A,  pD313N,  PD313G,  and  PD313P,  all  exhibit  kinetic  defects  in  the  refolding 
reactioiL  However,  they  display  the  same  conformational  stability  as  the  wild-type  protein;  in 
fact,  the  asparaginyl  and  alanyl  mutants  ate  slightly  mote  stable  than  the  wild-type  protein. 
The  prolyl  mutant  has  the  strongest  kinetic  defect  of  the  four  mutant  enzymes.  Tte  lag  (Aase 
in  recovery  of  activity  is  the  same  as  for  the  wild  type,  indicating  that  the  process  is 
the  same.  It  appears  that  the  heterodimerization  rate  constant  is  much  lower  for  the  mutant 
than  for  the  wild-type  protein;  the  time  courses  of  activity  recovery  for  the  pD313P  mutant 
can  be  satisfactorily  fit  to  the  model  in  Fig.  2  by  changing  only  the  heterodimerization  rate 
constant.  Likewise,  the  homodimerization  rate  constant  of  the  prolyl  mutant  appears  to  be 
extremely  low  or  non-existent  Examination  of  the  prolyl  mutant  p  subunit  by  analytical 
ultracentrifugation  showed  it  to  be  monomeric.  The  PD313P  mutant  P  subunit  does  not  fold 
into  a  S  M  urea  hyperstable  structure,  but  rather  folds  into  a  strucoire  without  significant  near- 


ultraviolet  circular  dichroism.  suggestive  of  a  molten  globule-like  structure.  It  appears  that 
the  proposed  reaction  for  the  wild-type  protein  also  occurs  for  the  PD313P  mutant  P 
subunit,  wdiereas  the  homodimerization  reaction  does  not  occur. 

Conclusions 

It  appears  that  the  folding  of  luciferase  subunits  into  the  biologically  active  op  structure  is 
a  Idnetically-determined  process.  The  slow  formation  of  leads  to  a  hyperstable  structure 
that  does  not  catalyze  the  high  quantum  yield  reaction,  llie  observation  of  mutant  proteins 
exhibiting  kinetic  ^fects  in  the  folding  reaction  is  entirely  consistent  with  this  hypothesis.  It 
thus  iq)pears  that  the  native  structure  of  a  protein  must  (a)  be  kinetically  accessible  and  (b) 
have  sufficient  conformational  stability  to  exist  on  a  biological  time  scale.  Alterations  in  Ae 
amino  acid  sequence  may  alter  the  kinetic  pathway  such  that  alternative  structures  become 
kinetically  accessible.  Clearly,  in  a  folded  protein  there  is  substantial  conformational 
flexibility,  but  it  is  unlikely  that  all  conformations  are  in  equilibrium  under  native  conditions. 
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The  prevailing  view  in  the  fMd  of  protein  folding  holds  that  the  native  state  to  the 
most  stable  structure  possfcle.  A  corollary  of  this  thermodynamic  hypothesis  to 
that  the  native  state  to  In  equilibrium  with  all  otiier  conformations  of  the  protein. 
We  have  found  an  example  of  a  protein  that  may  exist  In  two  different  states, 
both  of  which  may  be  regarded  as  'native',  but  which  cannot  equilibrate  on  a 
timescale  that  to  biologically  meaningful.  We  propose  that  die  active  conformation 
of  this  protein  to  at  only  one  of  several  possible  energy  minima,  and  that  during 
the  process  of  refolding  In  vfCro and  we  assume  folding  In  vtoo  —  the  choice  of 
which  state  the  polypeptide  finalty  attairw  to  determined  by  kinetic  partitioning 
between  folding  pathways. 

Protoo  toj&aj  ajboiq^to  be  under  diennDd}iiaiiac  ^ 
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Protein  folding  be  under  diennDd}iiaiiac 

cnntml  SXX  OM'llMiaa^pOlhat  Bie  liable-  ernnpacL 

*nathi^ftructueof  a  polypeptide  compriaaaaenicnMe 
ofconformatioasattdiiiMciieigynaninam^.In  the 
proceii  ofuwwmwn  fiomoneiubetoanodiccdiepatli- 
wiy  foatwillpredoimnate  w31  be  foe  onewifofoelonr- 
estaclivationcnag]j^uilndi«rinhawfoehid>*stT>te.FOr 
a  reacdon  under  foermodynamic  control  which  yields 
tiro  or  more  piodnctt,  foe  ntns  of  foe  products  w31  be 
determined  by  foeir  rdative  fieeeneipes.  For  a  reaction 
under  kinetic  control,  foe  ntio  of  tte  final  concentm- 
tiont  of  foe  Tuioua  prodncii  win  be  determined  by  foe 
ntiooffoeratecDiiiUntiforfoereacfionabytfoicbfoese 
prodock  arelbmiBd.  In  princ^ie;  foe  products  of  a  kk 
ncticiBy  determined reution  win  in  timeequOibrate^bttt 
iffoeacd«itioaberrknareln|h<oo**lhtocauseld- 
nedcpertilioiiinpfoetiiiKrequiredtoachieveequilib- 
rinm  may  be  too  long  to  be  of  Wolo|^  sqnificance. 

Ther^ofUnelkconsideratioosinfoedetermina- 
tkmoffoefbhfingpefoway  and/or  foe  finaUyfUdedstite 
has  been  discniieiP.but  foe  entries  so  fu  studied  are 
generanyditmiitedascutiosttiesifoepoaaWlityfoatla- 
nelkcontiolcoiildplayanimportmtT^inprotanfeid- 
ii^  is  not  widdy  accepted  CXu  previous  studies  on  foe 
foldingand  assanUy  ofbacteria]  ludferase  in  rtw'^and 
m  Wif^kd  us  to  propose  foit  kinetic  control  pbys  a 
crucial  role  in  deterndning  foe  final  confonation  of  fob 
enayine.TSregtfd  snbu^  ataembly  to  be  an  integral 
part  of  ^otein  fokSttgi  Many  protons  arc  conqwsed  of 
multiple  ibldiiu  domains;  interactions  betwm  sudi 
domains  dUfct  mm  intenctions  between  subnniti  of  a 
multimeric  protein  primarilyin  thecovalent  contmuity 
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protcabjr  inalyli^  iiltncaitrifttptio&  and  by  unfold- 
og  and  riding  in  bailer  Mlutioiu  coDtuaina  utea  or 
HUBidaiamdikmde.'nMreinlttor  equUbriamulm- 
ccntrifiigilion  (Fig.  2)  demonstrate  tbat  tile  P  subunit 
produced  and  lidM  in  £  call  wilbout  thc||sttbunit  as¬ 
sumes  a  dimerk  structure:  Nonlinear  least  squares  fits 
of  the  dau  to  a  sind«  aponcntial  equation  indicate  diat 
3  isa  angiqjeclimeBting  specks  with  a  niotocular  saeidtt 
of  >72,000'%.  the  molecular  weight  of  the  P  Sttbunic 
detemrineJIiOT  the  sum  of  the  molecular  weght* 
die  roidaeB  in  dw  encoded  amino  add  sequence  it 
M:349  (ie£  11).  It  thus  appears  diat  dw  p  subnnic  al¬ 
lowed  to  kid  widioat  a,  can  asaunw  a  homodimerk 
structure  whidi  cannot  associate  wtdi  o  to  Ibrm  dw  ac¬ 
tive  helerodiiDen 

Monged  incubadon  of  ^  with  a  subunit  results  in 
no  detectitile(actiw)  op  diinen  suggesting  diat  on  te 
time  scakrtfdwerpeiimeBttfwedn),  the  p.speckt  docs 
notdiwodtte^  tnd  dins  cunotcome  to  equiiMum  widi 
oPbVfediefetoinueitigatedtheunibldingandrefold- 
ii^  of  dw  £  specks  in  buffcn  contuning  urea  S). 

The  netf  UV  CD  spectrum  of  folded  P  it  dw  aaiiw  in  S 
M  urea  as  it  is  in  boiler  (Rg.  Se).  even  after  prolonged 
(>  48h)  incnbadon  of  dw  ibided  protein  in  urea.  Once 
dw  pmlan  iianfclded  by  treatment  vdth  9  M  ufct.  it 
remains  nnibided  when  the  urea  concenttadon  k  ^ 
crcaaedtDSM.demoastratingdwtdwfoldedandun- 
klded  conibirmitiona  cut  coedst  in  S  M  ttrea  whhont 
any  detectable  interconversion  between  the  two  fbms. 
The  psubunit  in  dwoP  diriwr  ia  rapidly  (<20  tec)  and 
faliynnfbldedwlMnplaBedin$Marea*.1b(iirdwr^u- 
ate  dus  appareatlqfMeterit*  dw  CD  of  dw  protein  at  222 
nm—moiiitoruigpriiiariy  secondary  atructure — has 
beenaainined  (R^/b).Tbeheteto(&awritabletoca- 
tiUidieqniS»iambelween  the  nadue;  intermediate;  and 
dena  fared  coofonnadona  whedwr  ftarting  from  dw  na- 
tiveordcnatnredstite^,aiid  appears  to beniOy  nnibided 
in5Mnret*^.1hefLlwowdioKriliowiaatroHg!yBter- 
csb  between  unloianig  protein  and  refbl^ng  protein. 
Ihere  ii  no  decicue  in  aignal  for  p  at  concentzatioM  of 
nrcBinwlikhtlwaPcszyiiwiiIat||ed^yanlbideif,aug- 
geitkg  that  dwnte^nnfckBi^  of  ^a  verydow  ante 
dw  condidooa  employed,  to  dwt  equikrinm  k  not 
ifhirvwl  Inatedoii  it  te  protein  for  Ig  b  at  ISVin 

«(Uate«*^  ^  UikAjrSitAii^lQn  la  m—  pitf  rmlfln  ■pfAit 

cnatakwerureacoDoeBtratioB^BotrcBiiltintefold- 
Ihk  apparent  bpstereNS  (Rglgb)  in  dw  unSaldinf 
and  rctiteg  procoaei  of  P,k  in  narked  contrast  to  dw 
rewnftieeqniiifhunnnfbldiagaiidrcfokBngofdwo^ 
ludfrnac^.  Sinoe  the  ftilare  of  P  and  p,  to  interconvert 
on  an  c^perimenally  achievable  dmeacaie  prevented  di¬ 
rect  measaretrant  of  the  eqtilibtiam  conitut  and  dna 
dwconfematioiiaittibilyofp^webbtdnedaBead- 
nate  of  dw  equlkiiiimconmntVy  measuring  the  rate 
conshnaofibrmstion  anddksocisdon  m'p.flLandk . 
kRgl). 
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FoMkto  and  wif oMbtg  of  P^ 

We  haw  used  two  approachn  to  inwestigste  dw  rate  of 
fomadon  of  the  p,  bomodimer.  Pirat.vae  obaerv^dw 
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meat  wUch  uofoMed  pbecomalirterodiingiation- 
tncompetoitdariBf  <be  pnceu  of  fdbidiai.  Uifolded 
pnibaaitiBSMvfeikdSatedCroinaieBrcaaadal- 
loaed  to  icfcM  as  deKribed*.  At  various  (iaia^  aliqiwti 
aieronovedaiidiiBxedvrilhcacasBatiweasabiiakaiid 
aUovsed  to  conluiie  rriUdinf  omaipit  Theapparait 
late  ^  loss  of  hciefodiiaeritatioa  cmnpetence  ^ows  a 
dau  dependenoe  OB  (he  cooceatiatioB  of  the  P  sabnait 
Ib  the  itotial  it&I^Bt  ndxtBre  the  date  m  Fig.  4i^  fit  to 
aseoood  order  Aiiicnoa.)Mdia  valBelbrl^(FiB.l)  of 
167  ±  30  see^.Die  seeoad  mediod  kba^  OB  file 
observatkiB  (dkcasied  above)  fiiat  fi>e9>,  stnctare  k 
saMeki  S  M  iuea.la  a  lafcld^etiperiiiieBt  snnlarto 
fiat  ptetoBled  Ib  Ha  M  «e  uMidlrew  aUqooti  of  the 
icMAngproleiB  atvariovs  times aod  increued file  area 
CBBcealiatioBtoSliitCOBfitioBSBBderviitiidiaaytlLfiiat 
hod  fimed  should  renBiBf3lded.Wedeleniibiea  the 
faleoffbriaatioBorfiyfiiearea>s(abie9edeiib]riiiea- 
sofiBg  file  CD  ri|Bal  at  222  am  m  $  M  urea  of  sanqies 
irifikbavsB  at  various  times.  ladeed,  fiK  data  (Ha  4b)  fit 
vsdl  to  a  seoood  Older  process  wifii  a  latecoasoatOv 
^a  1)  of 200 1  SO  M-*  sec*,  ia  pood  agreenMt  vdfii  fiw 
apeiimeBhlieeuhiprescBtediaFlafifcSiBcefiiedif- 
fcBeacebetiieea  fiieie  two  BunbewkleMthaB  file  enof 
ia  the  ia^Bwdnal  detenaiBatioa^  MB  coBdode  that  loss 
ofheMrodimetfaadoBcoiqpeleBceaBdlbfiastioeoffiie 
uses-atsble^^edesoocarvnfiifiiesaineiateooeshBt 

The  aative  ^  vihkfa  bat  two  try^phanyl  residBCS 
per  potypepti^  cbsia'',  has  aa  iatriBsk  fluoresccaoe 
eomnoB  spectrambtoMfaiftBd  idativcto  ttutof  most 
fidded  protriaa,  vsifii  a  nautimumat  320  unifFia  S,  Ib* 
set)P.Tte  kneoskir  of  file  fluoresoeBoe  k  quite  kw  com¬ 
pared  with  thst  expected  for  a  proteia  with  two 

V/pVpniBJrl  ram W**  MBmiBf  «■%  WK  WTpwfOlafn 

- 9M - -  ^  -  m  V - e_  -B - a - B--B.f - 1 

ramvcioi  me  Pi  fiPccm  raRK  n  •  uyuiufuopic  cBfi* 
raameat  and  that  file  fiuoresceBce  of  fiieie  rcsidBes  k 
queadied by  kneractioBswifii  other  ammoacidresidues. 
TheaearUV  CD  specliumorfi^(^3«)denioBstrttu 
wdl-oc|aaiaed  padciBgof  afosalic  sidedisiBS,ooBsk- 
teat  wifo  the  iatriask  fluoresccBceemisdoB  spectruiiF. 
Ujpoa  uofoldhigiB  6  MgHaaifiBium  chloride  (Ha  S> 
iasel)  or  hi  9  M  urea  (data  aot  showB)k  fiiere  k  a  red 
iMftoffiieBaoresceaoetoaboBtSSOaia'niisifaaaaeiB 
fiaoreaeeBoe  oocarred  over  the  sameurea  coaceatiatioo 
mapr  as  fitedauce  ia  CD  sigaal  abowB  ia  Ha  3b(dala 
aotthovm). 

The  aafoldiacof  ^mooitored  byeifiier  fluoresomce 
or  24  h  fbOovdap  naxiBi  vrifii  deaatuiaac  occurs 
belMeB2-3Mfaaaidiaiamdfioride.11ierateofaB- 
fblifiBpoftliep.slructBicviudekniBBedbymaaitor- 
iag  file  iacreaaeiB  fluoresccBce  fcOowiap  mii^  of  Ba¬ 
the  proteia  wMi  a  aeries  of  luauidiBtam  chloride  COB- 
ceatntiOBS  (fia  i  •foFped'flowjoiziBP  device 

attoched  to  the  fiaoromeiK  Each  reactioa  was  fit  to  a 
riaik  e^Bcatial  to  drtmniBf  file  rate  coushat  for 
uafokBafateacboooceBtratioBoffaaBidiBiamdilo- 
ride.BetMeen  3-4  MfBaaidhiiamdioradc;  file  uafoldr 
faif  fcactioos  prooeeM  with  reader  measuiabie  latea. 
TheobservediateooastaotadeteiiBiBedarefiiemiciD- 
scopkiatecoBstaatiofanfoMiHaaiacefiierekBocoB- 
lilmtioB  from  the  refeiifiaprearfoB  under  the  coikS- 
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tioHcfSKineuvfanentkThedatihiwbeaQcinpolaied 
to  uliwecoodilioiM  (no  denaturaat)  to  obtain  an  cstinato 
of  the  lint  order  rate  constant  of  diMocialion  off^QfilFif. 
llofLSx  lO^nr'.Thisnteiiwilowtfaatp^oacefiMned, 
does  not  diHodaleoa  abiolopcal  timeKale under  noB-tfe- 
natntiivcondtlaoBa. 

Tbe  ntioof  dieraieconstanti  (k^k^yiddsancsdoaale 
of  die  tSnocittioo  eqol ibriuin  oonatut  Ibr  die  0,^2  p 
proccM  of  about  KT"  Mat  16  *011^1  cqulibtiumooo- 
ftaalconcqwiida  toa  fine  encqgr  tfiSBOKe  of  about  -21 
kcafRool^t  doae  to  the  value  or-24  kcaJ^si^  fcr  die  ow- 
aB  pvoccaao^lSdi  4-  0k  alto  determined  at  16  *C  (ret  7). 
Couaideting  the  error  involued  in  the  eitrtpoladon  to  aero 
denatniant  to  determine  the  rale  of  ^Hodadon  of  the  0L 
bomodimen  aa  ucO  as  the  error  intrinak  to  cMimation  ot 
die  eqdUbrinm  constant  from  the  rate  conatuta.  ue  con- 
dude  that  the  oonCiriDBliooal  atabiida  of  diehetaodimer 
andbooiM&iiier  are  notiigtiificaBdr  dUkrent 

BasedoameaaunnieBtiofdienteBofKfcldingoflu- 
dftnae  (op)  from  nnfoidrdaubuiiiti“.wehawe  estimated 
the  aeoo^ciidet  rale  conatantfcrlietetoamet  aaacnAly(a 
•r  0  -»  a0).lL  in  Fig.  1,  to  be  about  2600  M^  aec*  (A.C 
Aric.  BJl  Wuldill.  A.-F.  Cfaaflbde  and  TOlfr,  muuacript 
in  prepandon).  The  aeoond  order  nie  constutk,  Ibr  the 
^!»M^p^■^tl<wIl«ulitnofilo^ta■  reaction  (0  -«■  0 ->  0^  re¬ 
port^  here  is  about  160  sec*,  over  10  tiiw  lees  than 
the  rale  constant  IbrhelerothtiieriadoB. 

A  largn  aclivallon  bJSw 

ThepaubumtrcfbldinfiBdiepicaeaoeofifbaaatkaattND 
availabie  folding  padnrafs.  the  kinedcally  preferred 
heterodhneriadoB  pato«aylea<^to  tbeacdueci^caqfme; 
and  the  dower  homodimiBrindon  pathway  lewlhg  to  the 
0,qpecieB.  Baaed  on  cariieriavestiptioBaordiefeU^  and 
iiiendiiyofdieeBiyniefeytienaepr^oaeddiatteaa- 
aenbly  ^  die  enzyme  ma  under  Idn^  CkintioP.  Vie  now 
underttind  die  physical  bads  fcr  dieldneticaByooettoBed 
fbl&gieactioik 

Thecxperimentir^onedberedemDBatnlediatdieia- 
aMUtyoftheSddedaandPaubunitatoassinbieiBtoac- 
the  htdfenae  is  due  to  die  Ibcmadon  of  a  ^  bomodimer 
wUefa  is  prewcBled  from  Aeodadon  under  non-denatnr- 
ing  coratioBa  by  a  lar^e  activation  barrier.  The  0. 
hoBwdbneriiBotuiiWdedMi  SM  urea,  ewai  after pwfcaigM 
ittibatiott.tdtereas  treatnentof  thehidfeiaaebeieta&ner 
idib  S  M  niaa  lesultB  in  npid  unfcUhig  ofbodi  Nbunhd. 
Bedtstraetafcaaieslable  under  Bon-denatBringcondtiona 
OB  a  Uologieal  thneeoaM  lo  both  conJbrmationa  can  be  de¬ 
scribed  as  Statin!: 

If  die0aBbunit  is  unfolded  by  treatment  of  0,widi9M 
ntea.or  farted  in  the  unfolded  stileby  ion  esebangeebro- 
matogiaply  of  Indferaseaubunita  unfolded  be  S  M  urea, it 
icmabis  unfolded  in  the  preMBoe  of  urea  uBder  oeodhiont 
thatdo  not  unfold  0,.At  urea  coBocnttationaicit  dan  2  H 
the  unfolded^  anbunh  regains  native  atiuctarc.Vh  fasw 
diowB  dat  dto  bystereah  h  due  to  die  ectremdy  alow  rate 
ofhoinodimer  dhaodation,  impiyta^  data  substantial  en¬ 
ergetic  input  h  required  to  interconwert^  subunit  between 
the  folded  and  unfolded  oonfoemattons.  A  consequence  of 
dtiilaigeeaeigybarrierislfaatdaiaasoffoldiBfaBduB- 
folding  are  very  akm.  Ihe  rate  consant  for  da  unfohSng 
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weffe«.miinnedbyartiapohttoH90MgiMBkKBhim 
dlMiilaii  IjSx  10*^  ter'.fo  slow  tettheloir  lone  for 


Ait  tOKlioa  would  be  om  oec  nBioa  yon.  The  for- 
mMioe  at  Ae  &  twinoAiiier  ■  deo  wry  alow  wiA  t 
nk  caoetaator  tboat  ISO  ht*  •er'.lliii  nkcoMtut  m 


modi  kn  ihiB  would  be  espected  from  diflutioaal  lim* 
ilMuayniei  diet  Okie  Bky  be  tipiificMitconfenm- 


dooal  leenaBBcnimti  la  thepsnbuut  prior  toordur- 
lagAefbnniMaorepcdScooBtKkttfheAiiieriBtcr- 
foATbetfaqpleM  opliutioa  for  Aeobeeretioo  of  foe 
Mine  second  order  rate  coutant  for  loss  of 


hekfodiPierlatiogcoopekat0saibeaitaiidappeaiaace 
of  area-stable  ^  is  that  boA  heleroAisiBiaiioB  and 
boooiSnHriniioaiBwAcAesaiiKPsabaiiitAkfnk- 
disk.lfAetwoseooad-orderpiocewisiBwA»edH!cwnt 
formsflfAePsubanir.sodifciinnsiOBStbeAiapMequi- 
Bbriuin  ArouipsotBeconiiiiPBialeiinHbak^j^emg^ 
Bycoofarisonof  AcnearaadforUV  CHufAenP 
hekrodinieririAAesuinofAeyectiaofAeBidiridud 
saboaili  poiifiedfrocnieconAinaatE  caEwehawcoa- 
daded  Ikt  Ae  stractucs  of  Aeadbaails  folded  iade- 


podendy  aic  aot  fNody  ASneat  trom  Ae  stmctoies 
of  dk  skbaaik  A  dk  hekiodiinei*.  Hig|i  rcsoiatioa 
stractuial  bribmntioe  for  dk  Indlnae  or  to  sttbaaiti 


baotcamadyawiablatoitisBOtpossAletocMa- 
tnat  aboet  stoKtiual  diflfercBoes  betMKii  and  It 
is  possiile  Ait  dk  kiacdc  slabliastkm  of  dk  P  sdlniiiit 
A  Aef^siniciBfeidsdi«todk|ls«baAt  A  dkfip 
tmfpmif  niMy  A  dllipmrm  iw  w^^- 

ooit  AkrAob  Howewa  dko^pcrAksk  wporkdlkre 
wke  dewioped  to  iamidpik  dk  Idacdc  trap  dkt  oc¬ 
curs  daring  dk  icfoldiM  lescdoo.  not  to  phM  a  stmc- 
tunlAteipiciBtAaoaAekiiirtkaaBddkniodynam- 
ks  of  dk  icfoldAg  tcKdoa. 


^  spectvw. 

A 


(porloA.') 


ProicA  foMAg  occun  dmipi  a  series  of  Atemediak 
coafamkdoBS,niostofwldAbaueoelyatiaBriateK- 
irteaoe.  ft  sbodd  be  apparent  dwtsaypadwayAroA- 
Ag  AkraadkAs  is  sabject  to  Unclk  partMouiug**. 
AodMacAsnbstitotionsAprakAsiiayalkrAefold- 
Ag  padwo]^,  sudi  dkt  dk  proeckes  of  aaikdoe  and 
natural  wteteB  woskaotonly  todeAkaakbAfcided 
skncAto  bat  also  to  define  the  psAway  by  kbkh  Aat 
akncAiciiadrievedpioocollaria  Aatnktations  A  dk 
oodAgaafaaacclbrdkprokApokBtiBllycaBdlerdk 
AMAg  paAnoy  and  cauae  dk  piokA  to  Ibid  Ato  an 
Aoonact  akkciBsa.  HA  proposal  should  be  ooBkasiBd 
wiA  dk  gaaendly  applied  Akrprekdon  dkt  naktkias 
dkt  decraasedk  jdddof  cona^folded  protria  do  so 
by  alkrAg  dk  fl«  energy  of  dk  Bathe  atructnia;  dk 
uafoldedpo^rpeptide^orbodLHowewRitisriaopoa- 
aMefornBriadoas  to  alter  dk  foUAgpedmayidowAg 
ahernatAestrucAiastofomfcwidioutalkeAgAesk- 
bUtyofdkoonucdylbldedslrnctBieTbepradBctpar- 
tidon  tadocould  bedteredbydkages  A  dknapitade 
of  AeacAntioa  cnemr  barrkn  between  Akmkdhka 
on  (or  off)  dk  folAng  padmny 

IBnaA  pardrionAgliaa  been  ritowntooceiu  retaken 
dk  pathM^  leading  to  foimadon  of  the  pbw  P22 
td^fte  tAner  and  olf-padiaky  agpegationiAnier- 
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MelhedB 

^ayariB—  of  ludforoA  MB  «  m4  B  Mbuoilk  luofanM 

w«  purifM  from  rKombinwl  C.  coh  (till  conUintng  ■  plwitd 
(trtying  tttt  k«M  gtnti  from  Mbfio  fitnayt,  giOMin  «  2S  *C.  • 
pitviouily  (<(senbt^‘".  Ntiwt «  tnd  B  subunib  wtit  purifttd 
undtr  nttivt  condtttont*  Oirtctly  from  C  cdi  ctUi  conUittmg 
plwiuds  carrying  tithw  lh«  kaA  or  kjxt  gant  from  V  htmiffl 
Giowth  vMt  at  22  at  wtikh  tMnptratura  tlw  lubuntii  warn 
ONtiaaprtaad  in  aolubit  formf  Tha  naiwa  tubuniti  iwait  nawar 
Mbiactad  to  any  uioa  traatinant,-  and  prior  to  tha  axpanmant 
tach  had  na«ar  baan  aapoiad  to  tha  othar  fubunit  Uitfoidad  a 
and  B  Mibonits  amia  gblamad  by  danaturing  kiolaraai  ^  in  S 
M  utaa  and  Mparabng  tha  unfoUad  subunib  by  ion  aadianga 
chromatography  in  S  M  uraa^  foldtd  (natM)  subunib  uiait  in 
50  mM  phosphata  buffar,  1  mM  COTA,  0  SmM  OTT,  pH  7  0 
Unfoldad  subunib  amra  in  tha  sama  buffir  S  M  m  uiaa  prior  to 
initiation  of  rtfoUingftasambly 

SMbMNlt  rafoldInBfdWMbBly.  Alt  rtfoMing  and  assambly 
bgtaiimanbm  wtioiiiitradoriaat  10  *C.  consistant  arith  piawous 
datailad  bnatk  and  aquilibrium  stadias  of  rafolding'^.  Tha 
tamparatura  ustd  in  thasa  aiearimanb  is  consistant  arith  tha 
manna  habitat  of  tha  luminous  bacterium  Mbrio  hamoyi,  Iram 
arhkh  tha  taA  and  hat  ganas  arm  darwod  Itefolding  of  tha 
subunits  arto  Initiated  by  SO-fdId  dilution  from  S  M  uita  (or  non- 
u(Ba<onlaining  bufitr  In  tha  cat  of  tha  natna  subuniM  into  SO 
ndd  phosphate  buffic  t  mM  COIA.  0  5  mM  OTX  02%  bovina 
strum  akumin  (BSAX  pH  7.0,  at  It  *C,  aiith  a  lasidMi  uiaa 
(oncantiaboA  of  0.1  M  (rtf.  SIX 


indfaraM  adMv  aanyii  ActMiyof  tha  lucifarate  hataredimar 
arto  maasurid  by  a  flown  initction  atibr  in  aihich  tha  substrate 
fMNH,  b  iniacted  into  a  solution  of  anzyma  and  tha  othar  tern 
aubstnlsA  ^  and  atdshydt^.  Tha  subsaquant  light  tmMon 
aMB  maasuiad  aath  a  himar  Oasigns  T020t  hrminomatar. 

Analptlctl  idteaotnbMigaBaR.  Stmplaa  of  tha  Bsubunit  uiad 
for  analytical  uHraeantrifugalionaiaiadialyaidaidiwsthaly  against 
200  aiM  piKMphala,  pH  7.0.  centaMno  0.5  mM  OTT.  AnaVtieal 
ultracantrifugation  of  nativa  B  subunit  0>.  1  mg  mH)  aras 
parfonntd  at  10.000  rpm  and  23  *C.  using  a  Badman  Optima 
XIA  mslruinant.  Equilibilum  baa  astablishad  after  24  h.  and  at 
thitbma,thaabaorbannai2t0  nm  ant  datarminad  as  a  function 
of  radid  position.  Ttis  dansily  of  ths  bulter  am  dsterminsd  to  ba 
1 02S  g  mf^  at  23  X  by  tfN  machanical  oscdiasar  Mchniqus*'. 
and  tfia  partiti  ppacific  wluma  of  tha  protein  was  calculated  to 

ba  0  7234  rid  0^  from  tha  amino  add  composition"^.  Tha  data  j, 

anra  fit  to  tha  singtesiennantial  aquation  A -BVsapBilW*K1-  ^  O 

ap)sMRT]*(r/-(*|  arhart  A  >  abtorbanct  at  radial  position  c 

\>abtarbanco  at  tha  msnitcuA  MW  ■  melacular  anight.  •  ■ 

arsguitr  sateckt  tm>  partial  spadfic  aohima.  p  ■  dsnsilK  R  ■  tha 

idtef  gat  constant  ^  T  ■  absolute  tempar^ta 

Spateomgk  totBlPdA  Oowna  strum  akumin  ant  omitted  from 
tha  rafoMtng  bufftr  for  aapatirtianb  involving  spactroscopic 
mathods.  CO  spactra  arart  obUtnad  arith  a  Mko  MOOA 
spacbopoterimater. sampksanra rnbnteinad at  10 X  foididB 
subunit  ana  in  50  mM  phoaphate  or  in  tfn  sama  bufftr  wtlh  S  M 
utaa  Tha  lattar  tampla  arat  incubated  in  5  M  utaa  for  mora  than 
48  h  prior  to  tacotding  tha  vacirum. 

k  obtain  utaa  danaturation  cunns  of  B  subunit  tha  Siilid 
samptet  anta  aithar  nativa  (in  bufter  aiithout  utaa)  or  unfoldtd 
(in  buffarardh  9  Murad;  dim  solutionaanta  diluted  mtodifterant 
concantraliora  of  utaa  in  50  mM  phoiphata,  t  rnM  COTA.  0.5 
mM  OTT  pH  7.0.  at  18  X,  final  pr^n  cencantrationt  baaig  12 
pg  mH.  After  approSmat^  24  h,  CO  at  222  nm  ant  mtteund 
for  atch  lampla. 


BotaraibiatkMi  pf  tlm  ■•cmd'Ofdar  rat*  coniUnt  for 
kOModtatasIntloa  of  B>  km  mathods  anra  amptoyad  to 
datermina  tha  rate  of  formation  of  B^.  first  tha  rata  of  km  of 
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hotmdifnwiation  compotanct  w«  dtlanninod  al  a  vantty  of  fi 
MOunii  cencanlramiw  VMfbUtd  B  subumt  ww  MutMi  50-fold 
•do  mfelding  buffer  (abone)  plus  0  2%  BSA  At  uarious  bmas, 
ifiquols  oort  <MthdraiMt  and  moad  Mth  eaeas  naiMo  a  subunit 
(7$  pg  mr*.  or  1 17  |iM  final  eoncantrabon  in  the  same  buffer) 
The  bioluminascence  activi^  was  maasurad  after  12  h  to 
datanmne  the  final  activity  racovarad,  ttw  mawnum  yield  being 
tniilMf  by  tha  concantration  of  hatefodimarizalion<onipatant  0 
subunit 

Die  second  method  raliad  upon  tha  stabaityoff^  in  5  M  urea. 
At  regular  intenrals  foHowing  dilution  of  Bsubunit  into  laielding 
buffer  wnfiout  aMquols  ware  ramanad  and  a^ualad  to  5  M 
uroA  conddiona  under  which  L  is  stable,  but  tha  B  monomer 
unMdlF  fodowing  aduilibraClon  at  10  *C  for  24  h.  tha  CO  at  222 
nmwMiocordad  From  the  signal  for  each  sample  and  tha  signal 
of  tha  ttama  proton  (Tiomodimad  in  S  M  uraa,  the  fiacbon  of 
uma  stable  B  subunit  in  each  aliquot  was  detarminad. 

Data  from  both  aiearimants  ware  fit  to  the  second  order  rale 
aquation  kt  ■  14PI  -  l/n,iidiare  k>  second  order  ate  constant 
t>  lima  in  sec  R  >  concentration  of  monomer,  and  iniUil 
concantmeon  of  B  subunit  A  nonlinaar  feast  squams  fit  to  the 
ooncantiaban  of  monomer  was  performed,  and  the  fnebon  of 
each  spedas  was  computed  by  dividing  by  the  initial  protein 
concentnsbon.  For  the  fermabon  of  the  waa-stable  state  the  fit 
was  to  d«  quantity  -  R. 

Ootefalsiatioii  of  tfco  first  ordot  rata  coonant  for  L 
dfeaodaBeii  bite  monoioore.  Fluoiaecence  ermsfon  spaeba  or 
foldad  B  in  buffer  (SO  mM  phosphate,1  mM  EOTA.  05  mM  DTT, 
pH  7.0)  and  unfoUad  B  bt  S  M  uiaa  undar  tha  same  condibons 
ware  obtainad  with  an  SLM  8000  fluoromatar  at  a  prottin 
conoanlrabon  of  1  pM,  with  tantabon  at  280  nm.  tha  fast  ordar 
rata  oonstmt  for  |||  dissociation  was  detarminad  at  a  number  of 
diffeiant  guanidMum  chloridt  cocKtnlraboro  by  stopped-ffow 
fluorascenca.  using  a  nspid  mixing  dsvica  atlachtd  to  tha  SIM 
fluoromaMT  Cuanidinium  chlori^  was  used  instead  of  urea 
bacsuia  sufficia^  high  concantrabons  of  the  fetter  to  do  tha 
unfolding  tspariment  could  not  be  achiawd  Tha  homodimar 
in  buffer  was  injactad  agamit  gusnidinium  chleiidt  in  a  mixing 
ratio  of  1 :  2  5  fora  final  pretdn  concantrabon  of  1  pM  in  each 
dmhirant  concantrabon  (SO  mM  phosphate,  1  mM  EDU.  O  S 
mM  DTE  pH  7.0.  18  *C).  The  change  in  fluorascenca  batwasn 
tha  nabva  aiM  denatured  state  was  fo8owad  at  36S  nm  uwig  an 
CKitalion  wwafenglh  of  280nm.  Tha  change  in  signal  couW  be 
fit  to  the  aquation  Y  a  |A]  4  Y,  QA^  -  |AD  with  Y  « fluoresance 
signal.  Y^  -  signal  of  dimtr,  Y,  -  si^  of  product  (A],  ■  initial 
dimtr  concantration,  and  [A]  >  tha  concentration  of  dimer 
datanninad  by  die  Bnt  oidar  rata  aepraben  (A)  ■  (A^  er*.  k  >  first 
order  rata  corotant  and  t  ■  bmt  in  sac  to  obtain  an  observed 
fait  order  rate  constant  for  diSMCiabon  at  each  gusnidinium 
chlorida  conowitraffon. 
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Tabla  1  Activity  racavarad  aftar  rafeldbtg  af 
foldad  ar  unfaMad  p  aiibunit  mixed  wHh  mdad 
ar  unfoldad  « tubwiK 

Starting  conditions* 

Percent  raceverj^ 

Unfolded  p  ♦  Unfoldad  a 

100 

Unfoldad  P  ■»  Foldad  a 

60 

Folded  P  *  Unfoldad  a 

<0.005 

Foldad  P  *  Folded  a 

<0.0(» 

'UnfoMad  and  foldad  subunits  wara  praparad  as 
dascrXiad  in  Mathods. 

MOO  parcant  is  basad  on  anzyma  actMty  raco«afad24  h 
aftar  mbring  unfoWad  a  and  unfold^  p.  Rafoldin^ 
assafliWy  «vas  carriad  out  at  1 S  X  for  24  h  as  daKribad  in 
i>>l  VN  Mathods,  with  a  final  pratainconcantratien  of  so  ugml- 

B  ■nd  N-  Tha  appaaranca  of  lucifarasa 
,  ^  ^  hatawdimar  was  foMowad  by  maasuf inj  biokinMnaseanca 

activity  as  a  function  of  tima. 


a|.  1 1Gnatk  partitioning  of  lucifarasa  P  subunit  during 
ding.  P^  unfoUadp  subunit^  activahatarodimark 
lucifarasa;^  homodimar. 


ng.  2  Analytical  uhracantrifugation  of  nativaQsubunit 
(saa  Mathods).  Tha  axcallant  fit  of  tha  data  to  tha 
aquation  givan  in  Mathods  indiCBtasthalAsadhnants  as 
a  single  spacias  with  a  molacular  wai^  of  71.089, 
apprenmataiy  tha  molacular  weight  of  aA  homo^ar. 
A  saihpia  was  also  analyzed  with  an  initial  loading 
concantratienefOJ  mg  mr' Psubuni^  with  similar  rasuro 
(singlasedimanting  spacias  of  molacular  wai^t 06,697). 


no.  9  a.  Near  UV  CO  spectra  of  foldad  and  unfoldad  P 
swwiit  Foldad  P  in  SO  mM  phosphate  buf^  0)  and  in 
S  M  urea  CZ)  have  assantially  tha  same  spacuum. 
UnfaMadPsubunft  in  5  M  urea  6)  showed  Bt^naar  UV 
COlawdramainad  unfoldad  under  these  conditions  over 
long  paitodt  of  tbna.  Urea  danaturation  curves  of  P 
subunit  (dreias)  and  lucifarasa  (squares).  Protein 
sarnphs  in  buffer  were  mixed  with  urea  at  tha  indkated 
concentrations  (open  symbols)  or  ware  dilutad  from  9M 
urea  totha  indkatad  concentrations  (fOiad  symbob)  (sea 
Methods).  FoOewing  itKubation  at  18*Cm-24  K  tho 
CD  signal  at  222  nm  was  recorded.  Data  for  tha 
equiwrium  unfolding  of  lucifarasa  (c^at2Spgmh’)ara 
from  ref.  7. 


Fig.  f  Determination  of  tha  first  order  rata  constant  for 
p^  dissociation  into  monomers.  Tha  first  order  rata 
constant  for  p^  dissociation  was  determined  at  a  number 
cf  diffarant  gwnidinium  cMorida  concentrations  using 
itoppad>f)ow  fhiorascanca  (saa  Mathods).  Tha  obsmvad 
first  order  rata  constants  (Marminad  by  fitting  tha  data 
Pneraasa  in  fluoraKanca  signal  at  365  nm)  to  a  single 
exponential  aquation  are  plotted  as  a  function  of 

Ruanidinium  cMorida  concantration;  axtrapolatioh  to  0 
I  guanidiniujr  ;hlorida  yiaUkd  a  value  ot  1.6  k  10-** 
sar'forthara:  jnstant  for  unfolding  of  p,  homodimar 
under  nativa  conditions.  Inset  Fluorescence  amission 
spectra  of  foldad  and  unfoldad  p  subunit  Nativa  P  in 
buffer  (•••)  has  an  amission  maximum  at  about  320  nm. 
Unfold^  P  in  6  M  guanidinium  chlorida  (— )  has  a  rad- 
shiftad  amission  maximum  at  about  350  nm.  Tha  vertical 
Kna  diows  tha  maximal  cHffaranca  between  tha  foldad 
and  unfbldadspactra  at  365  nm.  tha  wavelength  at  which 
tha  change  in  fluorascanca  during  unfolding  was 
monKoraa 


Fig.  4  Datarminxtion  of  tha  second  order  rata  constant 
for  P^formationat  18X.Thaconcontrationsef  Psubunit 
during  refolding  follewing  dilution  from  5  M  urea  wara 
0.1 3  (AH  0.K  pM  (•),  0.52  |iM  (O),  or  0.78iiM  (V.  a. 
loM  of  hatarodimarisation  compatanca  of  refolding  p 
subunit  b,  appaaranca  of  5  M  uraa-stablaform  of  tha  P 
subunit  (saa  Methods).  Tha  solid  lines  in  panaliOandC 
are  fits  to  tha  second  order  rata  aquatiott  kt  ■  1/{PI  - 1/ 
(M«asdeKr%^inMatheA.  ***' 
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6chOT0  1.  Kinetic  partitioning  of  luciferase  p  subunit  during 
folding,  unfolded  p  subunit;  ap,  active  heterodimen'c 
luciferase;  ^2*  bomodimer. 


Sinclair,  Ziegler,  Baldwin  Fig. 
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Sinclair,  Ziegler,  and  Baldwin  Fig.'^^ 


Sinclair,  Ziegler  and  Baldwin  Fig.  4" 


